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Préambule 
Ma formation de recherche s’est effectuée dans plusieurs laboratoires, en France et à 
l’étranger. J’ai tout d’abord réalisé ma thèse de 1996 à 1999, dans l’équipe dirigée par le Dr 
Bernard Payrastre, à l’ex-unité Inserm 326 dirigée par le Pr Chap. Il s’agissait d’étudier, dans 
les plaquettes sanguines humaines, le rôle des enzymes SHIP1 et SHIP2, deux inositol 5-
phosphatases impliquées dans le métabolisme des phosphoinositides et notamment dans la 
biosynthèse du second messager lipidique PI(3,4)P2. Je bénéficiais alors d’un financement 
européen Biomed 2, qui m’a également permis de poursuivre, pour un an, mes travaux sur 
SHIP2 dans le cadre d’un premier stage post-doctoral dans le laboratoire de notre plus 
proche collaborateur, le Dr Christophe Erneux, à l’IRIBHM de Bruxelles. Ce travail a mis au 
jour les propriétés anti-tumorales de la protéine SHIP2 lors de sa surexpression dans la 
lignée cellulaire K562. Mon intérêt croissant pour les mécanismes d’oncogenèse a alors 
motivé mon départ pour l’université de Stanford, en Californie, pour rejoindre le jeune 
laboratoire du Dr Dean Felsher qui s’intéressait, grâce au développement de différents 
modèles murins conditionnels de tumeurs réversibles, à la compréhension du phénomène 
d’ « addiction oncogénique ». Durant ce stage post-doctoral de trois ans (2001-2004), j’ai mis 
en évidence le rôle clé de l’angiogenèse dans la survenue de rechutes tumorales après 
inactivation de l’oncogène MYC. 
À mon retour en France, à Toulouse, dans l’équipe dirigée par le Pr Georges Delsol, j’ai 
proposé de développer, sur les bases de mon savoir-faire acquis aux Etats-Unis, des modèles 
cellulaires et murins conditionnels pour l’expression de l’oncogène ALK (pour Anaplastic 
Lymphoma Kinase), ceci afin de compléter la grande spécialisation de mon laboratoire 
d’accueil sur l’étude des lymphomes anaplasiques à grandes cellules (LAGC) ALK positifs. Ces 
différents modèles ont été et sont toujours utilisés pour de nombreux travaux de l’équipe, 
portant ainsi à huit le nombre de publications scientifiques se rapportant à ces modèles. 
L’ensemble de ces recherches et résultats ont permis mon recrutement à l’INSERM, en 2008, 
en tant que CR1.  
Plus récemment, j’ai souhaité développer un nouvel axe de recherche, toujours sur les LAGC 
ALK positifs, et me suis focalisée sur l’autophagie, un processus intracellulaire 
d’autodigestion, dont l’importance en cancérologie allait croissant. Grâce aux financements 
de l’Agence Nationale pour la Recherche (ANR-Jeune Chercheur Jeune Chercheuse, 2012-
2015) et des Ligues Régionales et Nationales contre le Cancer (2011-2016), j’ai initié ces 
recherches avec le recrutement de Melle Géraldine Mitou (post-doctorante) puis de Melle 
Julie Frentzel (doctorante dont la soutenance est prévue en octobre prochain). Ainsi, ces 
deux étudiantes ont travaillé de concert pour démontrer les propriétés cytoprotectrices de 
l’autophagie dans des cellules de LAGC soumises à une thérapie ciblant l’oncogène ALK.  
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Au cours de ces mêmes années (2012-2015), le réseau européen de recherche sur les 
maladies dépendantes de l’oncogène ALK (ERIA) a pu se structurer sous l’impulsion forte du 
Dr Suzanne Turner (Université de Cambridge). Cette structure m’a permis d’élargir mes 
connaissances sur ces pathologies, d’étoffer mon réseau de collaboration et aussi de 
recruter prochainement un étudiant (Mr Domenico Sorrentino) dans le cadre d’un 
programme Marie-Curie ITN « ALKATRAS » (Coordonnateur : Dr S. Turner).  En continuité 
avec ma thématique actuelle, son sujet de thèse portera sur la modulation thérapeutique de 
l’autophagie dans les tumeurs ALK-positives. Nous envisageons, pour cela, de travailler 
ensemble, une année, dans le laboratoire « leader » sur le développement de vaccins anti-
ALK : celui du Dr Roberto Chiarle au Children’s Hospital de Boston, USA.  En effet, ce projet 
de recherche, qui sera présenté en fin de manuscrit, associe nos compétences sur les 
tumeurs ALK-positives, l’autophagie et l’immunothérapie des cancers (par approche 
vaccinale) dans le but de proposer une meilleure prise en charge des patients.  
Pour la rédaction de ce manuscrit d'habilitation à diriger les recherches, il m'est apparu 
difficile de développer tous les aspects cités ci-dessus de ma carrière, le risque étant de 
dresser un catalogue au détriment d'une homogénéité dans le propos. Par conséquent, j'ai 
préféré privilégier la cohérence thématique en me focalisant uniquement sur mes travaux 
sur les LAGC ALK positifs, depuis la création des modèles cellulaires et murins conditionnels, 
leurs caractérisations et leur utilisation pour étudier les mécanismes de lymphomagenèse 
(angiogenèse) et, plus récemment, sur mon orientation vers l’étude du rôle, de la régulation 
et de la modulation thérapeutique de l’autophagie dans ces lymphomes. Ce manuscrit 
comprend donc une rétrospective sur mes activités de recherche depuis douze ans, suivie 
d’une présentation de mes projets futurs. 
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Au cours de ces douze dernières années, je me suis attachée à développer des 
modèles cellulaires et murins conditionnels pour l’expression des oncogènes NPM-ALK et 
TPM3-ALK, dans le but de mimer la pathologie humaine des lymphomes anaplasiques à 
grandes cellules (LAGC) ALK positif, de mieux comprendre la biologie de ces tumeurs et de 
tester de nouvelles thérapies.  
Après une présentation générale et non exhaustive de la pathologie humaine, de 
l’oncogène ALK et des thérapies actuelles (chapitre A), cette synthèse de mes travaux de 
recherche sera divisée en trois grandes parties : (i) le développement et la caractérisation 
des modèles murins conditionnels de lymphome ALK+ (chapitre B); (ii) le rôle de 
l’angiogenèse dans le développement tumoral  (chapitre C); (iii) le rôle de l’autophagie dans 
la réponse thérapeutique (chapitre D).  
Enfin, en continuité avec ces derniers travaux de recherche, mes projets portant sur 
une modulation thérapeutique de l’autophagie pour améliorer le traitement des LAGC ALK 
positifs seront exposés (Projets de recherche). 
A/ Présentation générale des lymphomes anaplasiques à grandes cellules 
(LAGC), de l’oncogène ALK et des thérapies actuelles 
A-1/ Qu’est-ce qu’un lymphome ? 
Un lymphome est un cancer du système lymphatique. Il en existe deux grandes familles : les 
lymphomes hodgkiniens (LH), qui représentent environ 20% de l’ensemble des lymphomes 
et les lymphomes non hodgkiniens (LNH), qui comptent pour la majorité des lymphomes 
(environ 80%). Ils se différencient essentiellement par la présence (LH) ou l’absence (LNH) de 
cellules caractéristiques sur le plan morphologique, appelées cellules de Reed-Sternberg, 
décrites pour la première fois en 1832 par le Dr Thomas Hodgkin. 
Les lymphocytes B ou T cancéreux, qui constituent un lymphome, peuvent s’accumuler dans 
les ganglions lymphatiques (lymphomes ganglionnaires) et/ou dans le tissu lymphoïde que 
l’on trouve dans la plupart des organes (lymphomes extra-ganglionnaires). Les LH sont de 
phénotype B ; les LNH peuvent être de phénotype B ou T. Le LH est une maladie le plus 
souvent localisée, alors que le LNH est plus disséminé. Les LH sont de meilleur pronostic que 
les LNH.  
Le diagnostic d’un lymphome est établi par la conjonction de nombreux paramètres : 
examens cliniques (ganglions volumineux, fièvre, perte de poids) ; imagerie médicale 
(scanner) pour visualiser et mesurer la taille des ganglions lymphatiques touchés par la 
maladie ainsi que pour identifier les organes atteints ; examens sanguins et biopsies d’un ou 
plusieurs ganglions situés au niveau de la zone présumée de la tumeur. Cette biopsie est 
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essentielle pour confirmer le diagnostic d’un lymphome, pour connaître son type précis (sur 
la base de différents marqueurs) et pour orienter son traitement. 
A-2/ Présentation des LAGC ALK positifs 
Les LAGC ALK positifs sont des lymphomes non hodgkiniens, de type T périphériques, qui 
représentent 10 à 15% des lymphomes de l’enfant et l’adolescent (pic à 10 ans), et 3% des 
lymphomes de l’adulte (pic après 60 ans). [1–3] Ce lymphome se développe principalement 
au niveau des ganglions lymphatiques (infiltration fréquente des ganglions intra-abdominaux 
ou médiastinaux au diagnostic), et s’accompagne (dans 40 à 68% des cas) d’atteintes extra-
ganglionnaires au niveau des tissus mous, des os, de la peau, des poumons, du foie [4], et 
plus rarement, du cerveau. [5] 
Sur le plan génétique, les LAGC ALK positifs se caractérisent par des translocations 
chromosomiques, impliquant invariablement le gène ALK (Anaplastic Lymphoma Kinase) en 
position 2p23 et un gène codant pour un partenaire de translocation variable. Dès les 
années 1980, la translocation t(2,5)(p23 ;q35) a été  associée aux LAGC [6] et c’est le Dr 
Steve Morris, en 1994, qui identifie les deux gènes réarrangés : le gène codant pour la 
nucléophosmine (NPM) et le gène codant pour un nouveau récepteur à activité tyrosine 
kinase, qu’il nomme ALK pour Anaplastic Lymphoma Kinase.[7] Cette translocation conduit à 
la biosynthèse de la protéine de fusion oncogénique NPM-ALK. Depuis, d’autres 
réarrangements géniques ont été décrits, portant à dix le nombre total connu à ce jour 
d’oncogène de fusion ALK retrouvé dans les LAGC ALK positifs. [8] Notons que les formes 
NPM-ALK et TPM3-ALK (cloné en 1999 par le Pr L. Lamant au laboratoire [9]) constituent les 
deux formes majoritaires retrouvées chez les patients (Tableau 1). 
Sur le plan immunophénotypique, ces lymphomes se caractérisent invariablement par une 
positivité pour les marqueurs ALK et CD30. Notons que la découverte des oncogènes de 
fusion ALK a été déterminante pour le diagnostic des LAGC ALK positifs et pour leur 
classification comme entité clinicopathologique à part entière.[10] Les LAGC ALK+ sont 
classiquement de phénotype T ou nul car ils expriment fortement (>75% des cas) des 
marqueurs cytotoxiques T (granzyme B, perforine) mais faiblement (< 30% des cas) des 
marqueurs T (Tableau 2) [11–13]. Notamment, les gènes du T-cell receptor (TCR) sont 
classiquement réarrangés mais ne conduisent pas à la production d’un TCR fonctionnel.[14–
17] 
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Partenaire de 
fusion 
Translocation Fréquence (%) Références 
NPM1 t(2;5)(p23;q35) 75-80 Morris et al., 1994 [7] 
ALO17 t(2;17)(p23;q23) <1 Cools et al., 2002 [18] 
TFG t(2;3)(p23;q21) 2 Hernandez et al., 1999 [19] 
MSN t(2;X)(p32;q11-12) <1 Tort et al., 2001 [20] 
TPM3 t(1;2)(q25;p23) 12-18 Lamant et al., 1999 [9] 
TMP4 t(2;19)(p23;p13) <1 Meech et al., 2001 [21] 
ATIC inv(2)(p23;q35) 2 Colleoni et al., 2000 [22] 
MYH9 t(2;22)(p23;q11.2) <1 Lamant et al., 2003 [23] 
CLTC1 t(2;17)(p23;q23) 2 Touriol et al., 2000 [24] 
TRAF1 t(2;9) (p23.2;q33.2) <1 Feldman et al., 2013 [25]  
 
Tableau 1 : Translocations chromosomiques et partenaires de fusion retrouvés dans les LAGC ALK 
positif. NPM1, Nucleophosmin ; ALO17, ALK lymphoma oligomerization partner on chromosome 17 ; 
TFG, TRK-fused gene; MSN, Moesin; TPM3, Tropomyosin 3 ; TPM4, Tropomyosin 4 ; ATIC, 5-
aminoimidazole-4-carboxamide ribonucleotide transformylase/IMP cyclohydrolase; MYH9, Non-
muscle myosin heavy chain; CLTC1, Clathrin heavy chain-like 1 ; TRAF1, TNF receptor-associated 
factor 1. Adapté d’après Roskoski et al, Pharmaco Research, 2013.[8] 
 
 
 
Immunophénotype LAGC ALK
+ 
(%) 
CD30 
ALK 
CD2 
CD3 
CD4 
CD8 
CD5 
TIA1 
Granzyme B, Perforine 
CD45 
CD56 
EMA 
PAX5 
100 
100 
22 
11,5 
46 
8 
36 
54 
>75 
48 
4-7 
60-70 
0 
 
Tableau 2 : Caractéristiques immunophénotypiques des LAGC ALK positif.  
D’après la thèse du Dr Camille Daugrois, « Lymphomes anaplasiques à grandes cellules ALK positif : 
signature prognostique des rechutes précoces », soutenue le 19 octobre 2015, Université Paul 
Sabatier Toulouse III. 
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Sur le plan cytologique, ces lymphomes se caractérisent par la présence de cellules de 
grande taille, à cytoplasme abondant avec un noyau en forme de fer à cheval, appelées 
« hallmark cells ». Elles sont toujours observées dans les LAGC ALK positif, mais présentes en 
quantité variable selon les cinq sous-types morphologiques (forme commune,  variant à 
petites cellules, variant lymphohistiocytaire, forme mixte, et variant « Hodgkin-like ») décrits 
plus en détail et illustrés dans d’excellentes revues.[13,26]  
Enfin, l’origine cellulaire des LAGC ALK positifs n’est pas encore clairement définie. Deux 
hypothèses sont actuellement débattues : la plus ancienne propose qu’un lymphocyte T 
mature périphérique soit la cellule d’origine; la seconde, plus récente, propose une cellule 
souche hématopiétique ou un progéniteur thymique précoce.  
*En faveur du premier cas de figure, il a été montré que la sur-expression de NPM-
ALK dans des lymphocytes T primaires CD4+ matures permettait de récapituler fidèlement in 
vitro le phénotype des LAGC ALK positifs (larges cellules, expression de CD30, ALK 
signaling).[27] De plus, une étude in vivo montre que la sur-expression de NPM-ALK dans des 
lymphocytes T matures, en l’absence de compétition polyclonale, permet le développement 
de lymphomes T périphériques ALK positif.[28]  
*En faveur de la seconde hypothèse, il a été récemment démontré dans une étude
visant à identifier la cellule souche cancéreuse des LAGC ALK positif que celle-ci présentait 
un profil d’expression génique caractéristique d’un progéniteur thymique précoce.[29] En 
continuité avec ce travail, les auteurs ont récemment proposé une origine thymique des 
LAGC ALK positif, nécessitant une expression transitoire du TCR (T-Cell Receptor) pour 
« émigrer » du thymus et permettre le développement tumoral en périphérie.[17] Appuyant 
cette hypothèse, le transcrit NPM-ALK a été retrouvé dans quelques échantillons de sang de 
cordon d’une population saine, suggérant que la translocation t(2 ;5) ait lieu dans des 
cellules hématopoïétiques primitives.[30] Enfin, notons que l’incidence de la maladie (qui se 
développe principalement chez les enfants et les jeunes adultes) conforte cette hypothèse, 
du fait de l’involution thymique à l’âge adulte.[16] 
Ainsi, le modèle proposé par le Dr Suzanne Turner (Figure 1), qui semble réconcilier 
ces deux hypothèses, est le suivant : les cellules souches hématopoiétiques ou thymiques 
précoces NPM-ALK positive pourraient réarranger leur TCR (de façon aberrante, du fait de 
l’expression de l’oncogène ALK) [13,17]. L’expression du TCR serait ensuite réprimée [14,15], 
ce qui permettrait la survie et la migration de ces cellules vers la périphérie.[17] En accord 
avec ce modèle, un événement secondaire, tel une réaction inflammatoire causée par une 
piqure d’insecte [31], pourrait permettre le développement tumoral en périphérie de ces 
lymphomes « T ou nul » cytotoxiques NPM-ALK positifs.[16]   
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Figure 1: Origine cellulaire primitive des LAGC ALK positif et développement tumoral en périphérie. 
Dans ce modèle, l’expression de NPM-ALK dans une cellule souche hématopoiétique ou dans un 
progéniteur thymique précoce permettrait la survie cellulaire malgré un réarrangement aberrant du 
TCR.  Un événement secondaire, tel une réponse inflammatoire à une piqûre d’insecte, pourrait alors 
conduire à l’expansion clonale et au développement tumoral en périphérie. TCR, T cell receptor ; ETP, 
Early thymic progenitor. D’après Turner et al., Br J Haematol., 2016.[16] 
A-3/ Oncogène de fusion ALK et transduction du signal oncogénique 
À ce jour, dix translocations chromosomiques ont été retrouvées dans les LAGC ALK positifs 
(Tableau 1). Elles associent la partie 5’ du gène partenaire à la partie 3’ du gène ALK, et 
codent ainsi pour une protéine de fusion constituée du domaine N-terminal du partenaire 
(porteur en général d’un domaine d’oligomérisation) et du domaine C-terminal de ALK, 
porteur du domaine à activité tyrosine kinase (Figure 2).  
Figure 2 : Représentation schématique de la protéine de fusion NPM-ALK, issue de la translocation 
chromosomique t(2;5)(p23;q35). D’après Duyster et al., Oncogene, 2001.[32] 
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Le partenaire de translocation va ainsi permettre l’homodimérisation de la protéine de 
fusion, entraînant sa trans-phosphorylation sur résidu tyrosine et l’activation constitutive de 
la kinase ALK, ce qui lui confère ses propriétés oncogéniques. L’oncogène de fusion ALK, de 
par son activité catalytique, est capable de phosphoryler et d’activer en aval de nombreuses 
protéines de la signalisation impliquées dans la prolifération, la survie et la migration 
cellulaires. Parmi les grandes voies transductrices du signal oncogénique, sont activées par 
l’oncogène ALK les voies JAK/STAT3 [33,34] ; PI3Kinase/Akt/mTor [35,36]; Ras/MAPKinase 
[37,38] ; PLC [39] et Src [40]. D’excellentes revues décrivent ces voies en détail.[41–43] 
A-4/ Thérapies actuelles des patients atteints de LAGC ALK positifs 
Une des particularités des LAGC ALK positifs est leur grande chimio-sensibilité, lors des 
traitements de première ligne ou lors du traitement des rechutes, qui surviennent 
classiquement dans 25 à 35% des cas, quelles que soient les combinaisons de drogues 
utilisées et les durées de traitement.[44] 
*Traitement de première ligne :
Il n’existe pas à ce jour de consensus pour le traitement des LAGC. Le traitement de 
première ligne, chez les adultes (>60ans), est une polychimiothérapie à base d’anthracycline 
comme la combinaison CHOP. Celle-ci associe quatre drogues : *le Cyclophosphamide (agent 
alkylant entraînant des dommages à l’ADN) ; *l’Hydroxydaunorubicine (aussi appelée 
doxorubicine ou adriamycine) (agent intercalant et anti-prolifératif par inhibition de la 
topoisomérase II) ; *l’Oncovin (vincristine) (inhibiteur de la duplication cellulaire par 
interaction avec la tubuline) ; *la Prednisone (agent anti-inflammatoire et lympholytique). 
Chez les enfants, le traitement est plus intense mais sur une plus courte durée. L’essai 
clinique ALCL99 a été déterminant pour démontrer que l’addition de Méthotrexate (agent 
de la classe des anti-métabolites) était essentielle pour éviter des rechutes méningées et que 
l’addition de Vinblastine en cours de chimiothérapie et en consolidation (pour 1 an) 
permettait de retarder l’apparition des rechutes. [45,46] À l’issue de ces chimiothérapies, il a 
été observé que 25 à 35% des patients (tout âge confondu) rechutent ou progressent sous 
traitement. [44,47] Une étude très récente suggère que l’addition prolongée (sur 2 ans) de 
Vinblastine pourrait réduire le nombre de rechute après l’arrêt du traitement.[48]  
*Traitement des rechutes :
-pour les patients adultes chimiosensibles en rechute, une chimiothérapie à haute dose 
suivie d’une autogreffe des cellules souches est largement utilisée. Ceci permet de repousser 
encore la maladie avec 50 à 60% de chance de survie pour les patients ainsi traités.[16] 
-pour les patients adultes réfractaires à la chimiothérapie ou en rechute, mais inéligibles 
pour une greffe des cellules souches, le pronostic reste très mauvais, ce qui ouvre la porte 
pour de nouvelles thérapies (voir ci-dessous l’utilisation de Crizotinib).  
37 
-pour les enfants et jeunes adultes, le traitement des rechutes se fait par chimiothérapie à 
haute dose suivie d’une autogreffe (ou allogreffe) ou par perfusion hebdomadaire de 
vinblastine. L’utilisation du Crizotinib chez des patients jeunes a également été décrite 
récemment (voir ci-dessous).  
*Thérapies ciblant l’oncogène ALK:
Les protocoles thérapeutiques chez l’enfant ou l’adulte atteint de LAGC (notamment les 
patients réfractaires ou en rechute après chimiothérapie) sont sur le point de changer, 
notamment avec le développement de thérapies ciblant directement l’oncogène ALK.  
Le Crizotinib (PF-02341066, XalkoriTM) est un inhibiteur à double spécificité, ciblant les 
kinases mesenchymal-epithelial transition factor (c-MET) et ALK, développé par Pfizer 
(Figure 3 et Tableau 3). Il s’agit d’une aminopyridine, qui en se logeant dans la poche 
nucléotidique de la kinase ALK, bloque la fixation d’adenosine triphosphate (ATP).[49] Ainsi, 
l’autophosphorylation de la kinase ne se fait pas, ce qui la rend inactive.  Ce sont les travaux 
de Christensen et al. qui ont démontré l’action inhibitrice du Crizotinib dans des lignées de 
LAGC ALK positif, en bloquant la phosphorylation de ALK et l’activation des voies de 
signalisation en aval, induisant ainsi un arrêt du cycle cellulaire et la mort par apoptose. 
L’utilisation de modèles précliniques (xénogreffes murines de lignée de Karpas-299 de LAGC 
ALK positif) a également validé l’efficacité in vivo du Crizotinib, qui induit la régression 
tumorale complète quand administré oralement à 100mg/kg/jour.[50]  
La première utilisation du Crizotinib pour deux patients adultes atteints de LAGC ALK positif, 
en rechute après traitement chimiothérapeutique, a été décrite en 2011 par l’équipe du Pr 
Carlo Gambacorti-Passerini.[51] Cette étude a ensuite été étendue à un total de neuf 
patients, ce qui a permis, pour sept d’entre eux, d’atteindre une réponse complète après 
traitement, toujours observée après plus de 40 mois.[52] Pour les enfants et jeunes adultes, 
le Crizotinib a été utilisé chez huit patients en rechute ou réfractaires à la chimiothérapie de 
première ligne. Ceci a permis d’atteindre pour sept d’entre eux, une réponse complète.[53]  
Diverses mutations de la kinase ALK, conférant une résistance au Crizotinib, ont été 
retrouvées à la fois chez deux patients adultes, inclus dans l’étude du Pr Gambacorti-
Passerini et dans des lignées cellulaires de LAGC maintenues en présence de doses 
croissantes de Crizotinib.[52,54] Le développement d’inhibiteurs de l’oncogène ALK de 
nouvelles générations (Figure 3 et Tableau 3) a donc été entrepris pour proposer une 
alternative thérapeutique face à ces résistances.[55,56]  
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Figure 3: Inhibiteurs de la tyrosine kinase ALK.  Dix inhibiteurs sont actuellement en cours d’essai clinique. Ils 
bloquent le site de fixation à l’ATP (oval bleu). Certaines résistances au Crizotinib, déjà décrites, peuvent être 
contournées par des inhibiteurs de seconde génération. Adapté de Crescenzo et al., Curr Opin Pharmacol, 
2015.[55] 
Tableau 3 : Caractéristiques principales des inhibiteurs de ALK. 
D’après Crescenzo et al., Curr Opin Pharmacol, 2015.[55] 
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Notons également que les thérapies futures s’orientent vers des combinaisons 
thérapeutiques, par exemple une association d’inhibiteur tyrosine kinase (ITK) ciblant ALK 
avec les chimiothérapies décrites précédemment, ou bien l’utilisation d’un ITK ciblant ALK 
avec l’inhibition une voie oncogénique « de relais », impliquée dans la survie des cellules 
tumorales [44]. C’est dans ce contexte que s’inscrivent mes travaux sur le rôle de 
l’angiogenèse [57] et de l’autophagie [58] dans les LAGC ALK positif. 
Ainsi, en 2004, date à laquelle je débutais dans le domaine des lymphomes anaplasiques à 
grandes cellules ALK positif, très peu de modèles murins avaient été développés, seules les 
grandes voies de signalisation activées par l’oncogène ALK avaient été décrites et aucun 
inhibiteur ciblant ALK n’était disponible. Ma contribution scientifique a été de démontrer, 
grâce au développement de modèles murins conditionnels de lymphomes ALK positif, que 
ceux-ci présentent une addiction pour leur oncogène de fusion (chapitre B); que 
l’angiogenèse, et notamment le VEGF (régulé en partie par le microARN 16), participe au 
développement tumoral (chapitre C) et représente donc une cible thérapeutique potentielle; 
et enfin que l’autophagie, activée sous traitement Crizotinib, peut être manipulée pour 
améliorer la thérapie (chapitre D). 
B/ Développement et caractérisation de modèles murins conditionnels de 
lymphome ALK positif. Démonstration de l’addiction de ces lymphomes pour 
l’oncogène ALK (2004-2008 ; Inserm U563, Dir : Pr G. Delsol).  
B-1/Introduction 
J’ai rejoint l’équipe dirigée par le Pr Georges Delsol en 2004. Mon projet post-doctoral était 
de développer, sur les bases de mon expérience acquise aux Etats-Unis (2001-2004)[59–62], 
des modèles cellulaires et murins conditionnels pour l’expression de l’oncogène ALK 
(Anaplastic Lymphoma Kinase), ceci afin de compléter la grande spécialisation de mon 
laboratoire d’accueil sur l’étude des lymphomes anaplasiques à grandes cellules (LAGC) ALK 
positif. Cet objectif était visé à l’époque par de nombreux autres groupes de recherche car 
de tels modèles étaient très attendus pour une meilleure compréhension, sur le plan 
fondamental, de la pathologie et pour disposer de modèles précliniques pour l’évaluation de 
nouvelles thérapies anti-ALK. En 2004, seules deux publications rapportaient le 
développement de modèles transgéniques de lymphomes NPM-ALK positif. Il s’agissait (i) 
des travaux du Dr Suzanne Turner, dont la stratégie a été d’utiliser le promoteur « pan-
hematopoiétique » vav, pour permettre à l’oncogène NPM-ALK de « choisir », en quelque 
sorte, sa lignée préférentielle de lymphomagenèse. Le phénotype observé a été le 
développement de lymphomes B et de plasmacytomes [63,64]; (ii) des travaux du Dr 
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Roberto Chiarle, dont la stratégie a été d’utiliser le promoteur CD4 pour diriger l’expression 
de NPM-ALK dans les lymphocytes T. Deux fondateurs ont été obtenus (N1 et N16) 
développant respectivement un lymphome B de type plasmacytome et un lymphome T 
thymique.[65]  
Aucun de ces modèles ne permettant l’expression réversible de l’oncogène ALK, j’ai proposé 
d’utiliser le système d’expression régulée par la tétracycline (système Tet Off) pour 
développer des modèles murins conditionnels pour l’expression des oncogènes NPM-ALK et 
TPM3-ALK (ce dernier oncogène ayant été cloné dans mon laboratoire d’accueil [9]), afin de 
permettre non seulement l’étude du développement tumoral mais aussi de la régression 
après inactivation de l’oncogène.  
B-2/ Résultats 
B-2-1) Le système tétracycline : 
Le système tétracycline permet de contrôler, temporellement, l’expression de gènes. [66,67] 
Il repose sur l’interaction, conditionnée par la tétracycline, du facteur de transcription tTA 
(pour tetracycline-dependent transactivating protein) avec son promoteur (Tet-O pour 
tetracycline response element), en aval duquel le transgène d’intérêt a été préalablement 
inséré. En l’absence de doxycycline (analogue plus stable de la tétracycline), la protéine tTA 
se fixe au promoteur Tet-O et induit l’expression du transgène. L’addition de doxycycline 
induit un changement conformationnel de la protéine tTA et stoppe l’expression génique. Ce 
système permet de contrôler le moment précis ainsi que la durée d’induction du transgène. 
Cette propriété unique d’expression réversible a été largement utilisée en cancérologie et a 
mis en évidence le phénomène d’ « addiction oncogénique ». J’ai souligné l’intérêt du 
système d’expression régulée par la tétracycline en répertoriant, dans deux revues 
successives et complémentaires, les premiers modèles animaux de tumeurs conditionnelles 
et en précisant les mécanismes connus et/ou proposés de régression et de rechute 
tumorale.[59,60] 
B-2-2) Lignées cellulaires conditionnelles pour l’expression des oncogènes NPM-ALK et 
TPM3-ALK et modèles de transplantation en souris nude: 
Les oncogènes NPM-ALK et TPM3-ALK ont été clonés dans le vecteur d’expression 
bidirectionnel régulé par la tétracycline et codant pour la luciférase. Les constructions ont 
été validées in vitro par transfection stable dans des fibroblastes embryonnaires murins 
(cellules MEFs Tet OFF). La transplantation sous-cutanée des clones stables sélectionnés 
dans des souris nude induit la formation de tumeurs fibroblastiques ALK-positive, réversibles 
par addition de doxycycline (Figure 4).  
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Figure 4: Réversibilité des tumeurs fibroblastiques TPM3-ALK positive par inactivation de l’oncogène 
(traitement à la doxycycline). A) Des cellules MEFs stables pour l’expression deTPM3-ALK ont été injectées en 
sous-cutanée dans des souris nude. Le traitement à la doxycycline (100g/ml dans l’eau de boisson des 
animaux et une injection hebdomadaire intrapéritonéale (100l d’une solution à 100g/ml)), initié 14 jours 
après inoculation, induit la régression tumorale. Le volume tumoral a été calculé à partir de mesures réalisées 
au pied à coulisse. B) Photographies aux jours 14 et 27 de la progression des tumeurs sous-cutanées de souris 
non traitées (No Dox) ou traitées à la doxycycline (Dox), comme indiqué au point A. 
Du fait de l’expression concomitante de l’oncogène ALK et de la luciférase, le 
développement tumoral peut être suivi par imagerie de bioluminescence. Cette propriété 
est particulièrement utile pour tester l’efficacité d’inhibiteurs de l’oncogène ALK. Pour 
preuve de principe, des souris nude ayant développé des tumeurs sous-cutanées ALK-
positive ont été traitées avec de l’herbimycine A (inhibiteur général de tyrosine kinases, car 
le Crizotinib n’était pas encore commercialisé), déjà décrit in vitro comme inhibant la 
tyrosine kinase ALK.[68] Dans ce cas, le développement tumoral est inhibé et le signal 
bioluminescent associé à la tumeur est fortement diminué (Figure 5). 
Figure 5: Le traitement à l’Herbimycin A (inhibiteur général de tyrosine kinase) réduit la croissance des 
tumeurs fibroblastiques TPM3-ALK positive. Des cellules MEFs stables pour l’expression de TPM3-ALK ont été 
injectées en sous-cutanée dans des souris nude. Le traitement à l’Herbimycin A (HA) (3 injections 
hebdomadaires intrapéritonéales (20g /150l) pendant 1 mois, initiées le lendemain des inoculations) ralentit 
le développement tumoral, comme visualisé par imagerie de bioluminescence (panel A) ou mesuré au pied à 
coulisse (panel B).  
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Ces travaux ont démontré que ce modèle de transplantation dans des souris nude de 
fibroblastes conditionnels pour l’expression de l’oncogène ALK et de la luciférase peut être 
utilisé comme outil pour valider des thérapies ciblant l’oncogène ALK.[69] Les cellules MEF 
NPM-ALK et MEF TPM3-ALK, ainsi que le modèle de transplantation dans la souris nude, ont 
fait l’objet d’une offre de technologie déposée à Inserm-Transfert. 
B-2-3) Souris transgéniques conditionnelles pour l’expression de NPM-ALK et de TPM3-
ALK : 
L’obtention de ces modèles transgéniques conditionnels a nécessité le croisement de deux 
types de souris : des souris permettant le ciblage d’expression de ces oncogènes dans la 
lignée lymphoïde (Souris ESR-tTA) et des souris transgéniques pour NPM-ALK ou TPM3-
ALK (Figure 6A). Les souris ESR-tTA m’ont été données par le Dr D. Felsher [70], chez qui 
j’avais effectué un stage post-doctoral antérieur à mon retour à Toulouse. Ce 
promoteur/enhancer ESR ayant déjà été décrit comme permettant l’expression génique 
dans un progéniteur lymphoïde précoce, je l’ai utilisé dans le but de diriger l’expression de 
l’oncogène ALK dans la lignée lymphoïde T, comme cela avait été décrit antérieurement pour 
de nombreux autres oncogènes : N-Ras [71], pim-1 [72], L-myc [73], c-myc [70], Tel-Jak2 [74] 
et Tax [75].  
J’ai donc coordonné la décongélation des embryons au Centre de Distribution, Typage et 
Archivage animal d’Orléans (CDTA-CNRS) et la réimplantation de cette lignée au service de 
transgenèse de l’animalerie de l’IFR30 Toulouse. Les souris transgéniques NPM-ALK ou 
TPM3-ALK ont été produites au service de transgenèse de notre institut à partir des vecteurs 
d’expression bidirectionnelle (oncogène ALK et luciférase), régulés par la tétracycline, 
construits et validés, in vitro et in vivo, comme indiqué dans le paragraphe précédent.  
Macroscopiquement, les souris double transgéniques conditionnelles présentent, suite à 
l’expression des oncogènes NPM-ALK et TPM3-ALK, une lymphadénopathie généralisée 
associée à une splénomégalie (Figure 6C-D). Des études en immunohistochimie et 
cytométrie de flux ont permis d’établir que les souris développent une leucémie et un 
lymphome B ALK positifs (Figure 6E) qui, rapidement (4 semaines) conduisent au décès des 
souris (Figure 6F). Ces deux hémopathies sont constituées de larges cellules de phénotype 
pro-B et pré-B précoce. Parallèlement, nous avons noté une expression inattendue de 
l’oncogène ALK dans les kératinocytes, à l’origine de lésions cutanées de type 
kératoacanthomes (Figure 6B-C). Ce résultat est à rapprocher de ceux décrits par Kwon et al. 
en 2005, qui ont observé un phénotype cutané  (hyperkératose et alopécie) avec un fort 
infiltrat de lymphocytes T CD4 positif activés, ainsi qu’une lymphadénopathie et 
splénomégalie dans un modèle murin conditionnel pour l’expression de la protéine Tax 
(facteur de transactivation essentiel du virus HTLV-1), sous le contrôle du 
promoteur/enhancer ESR[75]. Il est donc très probable qu’une fuite du promoteur 
ESRdans les kératinocytes soit responsable de ces lésions cutanées.  
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Figure 6: Analyse des modèles murins de lymphome ALK positif.  A) Représentation schématique des 
croisements murins permettant l’obtention de souris double transgéniques conditionnelles pour l’expression 
de l’oncogène ALK (NPM-ALK ou TPM3-ALK) dans la lignée lymphoïde. En absence de doxycycline, le facteur de 
transactivation tTA permet l’expression de l’oncogène ALK et de la luciférase. En présence de doxycycline, ces 
expressions sont éteintes. B) Photographies comparatives d’une souris tTA et d’une souris double transgénique 
tTA/TPM3-ALK, montrant le défaut de croissance et le phénotype cutané anormal des souris tTA/TPM3-ALK. C) 
Nécropsie d’une souris tTA/TPM3-ALK montrant l’hypertrophie des ganglions lymphatiques (Cervicaux, 
Axillaires, Inguinaux) et de la rate ainsi que les lésions cutanées (museau, pattes et nodules cutanés). D) 
Photographies comparatives de la taille de la rate et des ganglions lymphatiques axillaires. E) Comparaison des 
marquages immunohistochimiques sur coupes sériées de ganglions prélevés sur des souris tTA ou tTA/TPM3-
ALK, montrant le phénotype lymphoïde B (B220+, Pax5+) des cellules tumorales. Les zones négatives 
correspondent à des lymphocytes T résiduels (CD3+). F) Courbes de survie (Kaplan-Meier) des souris tTA, 
tTA/NPM-ALK et tTA/TPM3-ALK. 
Un des résultats majeurs de notre étude a été de démontrer que les deux pathologies 
lymphoïdes et cutanées de notre modèle murin sont entièrement dépendantes de 
l’oncogène ALK, puisqu’elles régressent, suite à l’arrêt de son expression par la doxycycline 
(Figure 7B, D, F, H et J), ou suite à son inactivation fonctionnelle par un inhibiteur spécifique 
de la phosphorylation de ALK (Crizotinib), et ce, même à un stade très avancé de la maladie. 
Les tumeurs ALK positives présentent donc une addiction pour cet oncogène. 
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Figure 7: Réversibilité des pathologies cutanées et lymphoïdes après inactivation de l’oncogène ALK. Des 
souris double transgéniques, âgées de trois semaines et démontrant les mêmes signes extérieurs de maladie 
(kératoacanthome, défaut de croissance, large abdomen et inactivité) ont été soit non traitées (A, C, E, G, I), 
soit traitées 10 jours à la doxycycline (100µg/ml) (eau de boisson et une injection intrapéritoneale (100l)) (B, 
D, F, H, J). Les photographies et analyses immunohistochimiques ont été réalisées à l’issue de ce traitement. Les 
souris traitées montrent une disparition des lésions cutanées (B, D versus A, C), le retour à une taille normale 
des organes lymphoïdes secondaires (H versus G), l’absence d’expression de ALK dans les kératinocytes (F 
versus E) et les ganglions (J versus I). 
B.3/ Conclusion 
Nos travaux montrent que l’expression de l’oncogène ALK sous la dépendance d’un 
promoteur/enhancer décrit pour être actif dans les progéniteurs lymphoïdes (ESR) 
conduit au développement de lymphome ALK positif de phénotype B. Ainsi, la prévalence 
d’expression dans la lignée lymphoïde B (par rapport à la lignée T) est retrouvée dans nos 
modèles murins ce qui souligne la difficulté, commune à de nombreux groupes [64,76], à 
développer un modèle animal mimant fidèlement la pathologie humaine (phénotype T ou 
nul). Ainsi, comme discuté dans la revue que je signe avec le Dr Suzanne Turner [76] (Cf. 
pages 109-122), trois problématiques majeures ont été constatées de par l’analyse de 
l’ensemble des modèles murins développés à ce jour dans le but de reproduire des LAGC ALK 
positif: (i) le choix du promoteur (et donc le ciblage cellulaire) s’est avéré particulièrement 
difficile en regard de la méconnaissance, dans l’ontogénie T, de la cellule cancéreuse 
initiatrice des LAGC ALK positif. Dans ce contexte, une avancée considérable résulte des 
travaux récents du Dr Suzanne Turner, comme expliqué précédemment dans le paragraphe 
A-2 (pages 34-35); (ii) l’expression ectopique de l’oncogène NPM-ALK est initiée à partir du 
site aléatoire d’intégration du transgène et il est probable que le niveau d’expression de 
l’oncogène NPM-ALK dans les modèles murins (chimériques et transgéniques) puisse avoir 
un impact sur le phénotype tumoral.[64,77,78] ;  (iii) la transgenèse additive laisse intacte les 
deux allèles de chacun des partenaires de translocation (homozygotie des gènes NPM et 
ALK). Notons qu’aujourd’hui des solutions d’avenir existent, grâce notamment aux systèmes 
TALENs et CRISPR/Cas9, qui ont déjà été utilisés respectivement pour créer de novo, 
exactement au locus attendu, la translocation NPM-ALK dans deux lignées cellulaires (Jurkat 
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et RPE-1) [79], et pour développer très récemment un modèle murin de cancer du poumon 
EML4-ALK positif.[80]  
En ce qui concerne les  modèles murins transgéniques conditionnels de lymphome ALK 
positif, développés durant mon stage post-doctoral à Toulouse, ils ont donné la preuve de 
concept in vivo que l’inactivation ciblée de l’oncogène ALK permettait la régression 
tumorale.[81] Ainsi, cette démonstration de l’addiction des lymphomes pour l’oncogène ALK 
a été en parfait accord avec le développement concomitant de thérapies ciblées. Ces 
modèles sont également des « outils » de premier choix pour étudier les mécanismes 
moléculaires associés au développement des pathologies tumorales dépendantes de 
l’oncogène ALK, comme abordé dans le chapitre C suivant.  
C/ Rôle de l’angiogenèse et régulation du VEGF dans les LAGC ALK positif 
(2008-2011 ; Inserm U563, Dir : Pr G. Delsol / Inserm U1037, Dir : Pr P. 
Brousset) 
Les propriétés oncogéniques des protéines de fusion NPM-ALK et TPM3-ALK reposent sur leur 
activité tyrosine kinase incontrôlée. Les signaux initiés par l’oncogène ALK ont été 
extensivement étudiés ces dernières années. Ainsi, de nombreuses cascades de signalisation, 
mises en évidence essentiellement dans des lignées humaines de lymphome anaplasique ALK 
positif et confirmées dans différents modèles murins, participent à la transformation 
cellulaire, en augmentant la prolifération, la survie et la motilité cellulaires. De façon très 
schématique, les signaux médiés par l’oncogène ALK impliquent l’activation d’une série 
d’acteurs et de voies de signalisation clés incluant JAK/STAT3, PI3K/Akt/mTor, RAS/ERK, PLC 
et Src.  
Dans ce contexte, et au vu de la forte vascularisation des souris transgéniques 
conditionnelles NPM-ALK et TPM3-ALK, j’ai émis l’hypothèse que l’angiogenèse pouvait 
participer au développement tumoral. Je me suis donc intéressée très tôt au VEGF et à sa 
régulation dans les LAGC ALK positif.  
C-1/ Introduction 
L’importance de l’angiogenèse dans le développement des tumeurs solides a été proposée, 
pour la première fois, par le Pr J. Folkman en 1971 [82]. L’implication de l’angiogenèse dans les 
cancers hématopoïétiques a été étudiée plus tardivement. Au commencement de notre étude, 
seuls quelques travaux décrivaient une participation de l’angiogenèse au développement 
d’hémopathies malignes.[83,84] Une expression accrue de VEGF avait été démontrée dans des 
lymphomes non-Hodgkiniens, et ceci était associé à la progression tumorale et à un mauvais 
pronostic.[85]  
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Concernant la régulation des taux de VEGF, elle était connue pour se faire à plusieurs niveaux 
au cours de sa biogenèse, incluant la transcription, la stabilisation de l’ARNm, les épissages 
alternatifs ainsi que la traduction en protéine.[86,87] Sa régulation, au niveau post-
transcriptionnel, par des microARN (miARN), notamment miR-15 et miR-16, venait juste d’être 
publiée au début de nos recherches sur un lien éventuel entre oncogène ALK et 
angiogenèse.[88]   
Dans ce contexte, pour suivre l’impulsion donnée par notre nouveau chef d’équipe, le Pr Pierre 
Brousset, intéressé par la biologie des ARNs dans les hémopathies malignes, nous avons étudié 
l’angiogenèse observée dans nos modèles de LAGC ALK positif en regard de la littérature sur les 
miARN et de leur profil d’expression dans cette pathologie. Très brièvement, les miARN sont de 
petits ARN non codants, simple‐brin d’environ 22 nucléotides qui participent à la régulation 
post‐transcriptionnelle de l’expression des gènes par le mécanisme d’interférence ARN (ARNi) 
ou ARN silencing.[89] Ces miARN, en se fixant sur la région 3’ non traduite de leurs ARN 
messagers (ARNm) cibles, entrainent la répression traductionnelle ou la dégradation de ces 
transcrits. Une dérégulation de l’expression d’un miARN d’intérêt (sur ou sous‐expression) peut 
donc entrainer une modulation d’expression de ses gènes cibles. 
C-2/ Résultats 
En utilisant les différents modèles développés au laboratoire et décrits dans le chapitre B 
précédent : les lignées murines (MEF TPM3-ALK), les modèles de transplantation en souris 
nude, les modèles transgéniques conditionnels de lymphome NPM-ALK et TPM3-ALK positif, 
ainsi que nos sérothèques et tumorothèques humaines et murines, nous avons observé les 
résultats majeurs suivants :  
*la régulation positive des taux de VEGF suite à l’expression de l’oncogène ALK (dosage sérique
ELISA), Figure 8A et B. 
*la régulation négative des taux de miR-16 suite à l’expression de l’oncogène ALK (RT-qPCR),
Figure 8C et D. 
*une interaction directe entre miR-16 et la région 3’ de l’ARN messager du VEGF (test luciférase
sur des cellules MEF TPM3-ALK sur-exprimant miR-16 et une construction permettant 
l’expression contrôlée de la luciférase par l’extrémité 3’ de l’ARN messager du VEGF (pRL-VEGF 
3’UTR)), Figure 9A. Cette interaction est déstabilisée par surexpression soit d’un « locked 
nuclear acid » (LNA)  anti-sens pour miR-16 ; soit d’un inhibiteur anti-miR-16, Figure 9B. 
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Figure 8: Régulation, dépendante de l’oncogène ALK, des taux de VEGF secrété et de miR-16 endogène dans les 
tumeurs murines et humaines. A et B) Le VEGF secrété dans le milieu de culture des cellules MEF TPM3-ALK et 
dans le sérum de patients atteints de LAGC (ALK positif et ALK négatif) a été déterminé par test ELISA. C et D) Les 
taux de miR-16 endogène, selon l’expression de TPM3-ALK, dans les cellules MEF TPM3-ALK et dans les biopsies de 
patients atteints de LAGC (ALK positif et ALK négatif) ont été déterminés par RT-qPCR. 
Figure 9: Liaison de miR-16 sur la région 3’UTR de l’ARN messager codant pour le VEGF. A) Représentation 
schématique du test de liaison de miR-16 sur la partie 3’UTR de l’ARNm du VEGF, en utilisant un système 
rapporteur d’activité luciférase. B) La construction pRL-VEGF 3’UTR a été co-transfectée avec miR-16 en présence 
ou absence d’un antisens LNA-16 ou d’un inhibiteur de miR-16. L’activité luciférase a été mesurée au luminomètre, 
48h après transfection. 
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*un défaut d’angiogenèse et de croissance tumorale in vivo par sur-expression de miR-16 dans
les cellules MEF TPM3-ALK, préalablement à leur transplantation sous-cutanée en souris nude 
(mesure du volume et du poids tumoral, mesure des taux de VEGF sériques, mesure de la 
densité microvasculaire intratumorale), Figure 10. 
Figure 10: Défaut de croissance tumorale et d’angiogenèse par sur-expression de miR-16. Les cellules MEFs 
TPM3-ALK sur-exprimant miR-16 ou un miR control (Scramble, Sc) ont été injectées en sous-cutanée dans des 
souris nude. A) Le volume tumoral a été mesuré au pied à coulisse tous les deux jours. B) Photographies des 
tumeurs sous-cutanées 27 jours après l’inoculation. C) Poids des tumeurs sous-cutanées à la nécropsie. D) Le taux 
de VEGF secrété dans le sérum murin a été déterminé par test ELISA. E) La densité microvasculaire des tumeurs 
sous-cutanées prélevées au 27
ème
 jour après inoculation a été déterminée par immunohistochime anti-CD34.  
*une corrélation inverse entre les taux de VEGF et les taux de miR-16 dans des biopsies
humaines de lymphomes ALK positifs (RT-qPCR, immunohistochime), Figure 11. 
Figure 11: Corrélation inverse entre l’expression du VEGF et les taux de miR-16 endogène dans les LAGC ALK 
positif. L’expression du VEGF dans huit biopsies de patients atteints de LAGC ALK positif a été réalisée par 
immunohistochimie. Les taux de miR-16 endogène, sur ces mêmes échantillons tumoraux, ont été déterminés 
par RT-qPCR. 
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C-3/ Conclusion 
Notre étude a été l’une des premières à mettre au jour le rôle de l’angiogenèse dans le 
développement des tumeurs ALK-positives. Elle démontre une sécrétion accrue de VEGF, sous 
la dépendance de l’oncogène ALK, selon l’axe « ALK / régulation négative de miR16 / traduction 
augmentée de l’ARNm codant pour le VEGF ». Ce lien entre ALK et angiogenèse, publié en 2011 
dans le journal Leukemia,[57] a été conforté la même année, par deux études 
complémentaires. Les travaux de Marzec et al., d’une part, ont montré dans une lignée de LAGC 
ALK positif (SU-DHL-1) que l’expression de HIF1, induite sous le contrôle de NPM-ALK, 
permettait de freiner la prolifération cellulaire en condition d’hypoxie et d’augmenter, en 
partie, la biosynthèse de VEGF.[90] D’autre part, les travaux de Di Paolo et al. ont décrit, dans 
les neuroblastomes, un rôle pour la protéine ALK pleine taille activée dans la croissance 
tumorale, la sécrétion de VEGF et la formation de néo-vaisseaux.[91]  Enfin, plus récemment, 
en 2014, l’équipe du Dr Roberto Chiarle a clairement démontré le rôle prévalent du facteur de 
transcription HIF2 (par rapport à HIF1 pour le développement et le maintien tumoral dans 
des modèles de xénogreffes de LAGC ALK positif (lignées SU-DHL-1 et TS) dans des souris NOD/
SCID. De plus, le traitement de ces animaux par l’anticorps anti-VEGF bevacizumab diminue 
fortement le développement tumoral et la formation des vaisseaux sanguins intra-tumoraux.
[92]  
Ainsi nos travaux, comme ceux d’autres groupes et collègues internationaux, concordent à 
démontrer la régulation positive de l’expression du VEGF par l’oncogène ALK. Il apparaît 
également que l’angiogenèse participe activement au développement tumoral puisque son 
inhibition, par des stratégies d’interférence ARN (notamment siHIF2) ou par sur-expression de 
miR-16, entraîne un fort ralentissement de la croissance sous-cutanée de xénogreffes de LAGC 
ALK positif. Ces travaux concourent donc à démontrer que des thérapies anti-angiogéniques 
pourraient être bénéfiques pour certains patients atteints de LAGC ALK positif. 
D/ Rôle de l’autophagie dans la réponse des LAGC ALK positif au traitement 
Crizotinib (2011-2016 ; Inserm U1037, Equipe 7 ; Dir : Pr P. Brousset) 
Le Crizotinib est l’inhibiteur de l’activité tyrosine kinase de ALK le plus avancé sur le plan 
clinique. Lorsqu’administré in vitro sur des lignées de LAGC ALK positif, il induit l’arrêt du 
cycle cellullaire et l’apoptose. In vivo, nous avons démontré qu’il permet, rapidement, la 
régression des lymphomes murins ALK positif (chapitre B). En clinique, lorsqu’administré  en 
seconde ligne thérapeutique, sans discontinuation, à des patients adultes ou enfants atteints 
de LAGC ALK positif, il permet leur rémission (chapitre A). Cependant, comme déjà décrit pour 
les cancers du poumon EML4-ALK positif traités par le Crizotinib, des résistances sont 
apparues chez des patients atteints de LAGC ALK positif. Dans ce contexte de résistance 
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thérapeutique, il a été proposé que l’autophagie (processus intracellulaire d’autodigestion) 
participe à la cytoprotection des cellules cancéreuses, favorisant ainsi leur échappement aux 
traitements anti-cancéreux. De façon intéressante, l’autophagie, poussée à l’extrême, a 
également été associée à la mort des cellules tumorales. Ainsi, il m’est apparu très 
intéressant, pour les thérapies anti-ALK, d’exploiter cette dualité fonctionnelle de survie ou de 
mort cellulaires associées à l’autophagie, ce que j’ai entrepris en 2012 grâce aux soutiens 
financiers d’une ANR Jeune Chercheur et des Ligues Régionales et Nationales contre le 
cancer. 
D-1/ Introduction 
Le rôle de l’autophagie en physiopathologie humaine est un domaine de recherche en 
émergence. Le terme « autophagie » a été proposé pour la première fois par le Pr Christian 
de Duve (prix Nobel en 1974), qui, en visualisant des vésicules d’autophagosomes en 
microscopie électronique, a compris que les cellules étaient capables de digérer une partie 
de leur contenu. Un effort considérable a été porté ces dernières années sur la 
compréhension de la biogenèse de ce processus, sur sa régulation et sur son implication 
dans diverses pathologies. L’autophagie est donc un mécanisme intracellulaire d’auto-
digestion. Ce processus permet la dégradation des protéines à durée de vie longue, des 
agrégats toxiques et des organelles défectueuses, par leur séquestration dans des vésicules à 
doubles membranes (appelées autophagosomes). Les autophagosomes fusionnent ensuite 
avec les lysosomes, entraînant la dégradation de leur contenu (Figure 12).[93] Un niveau 
basal d’autophagie est présent dans la plupart des cellules, assurant ainsi un « contrôle 
qualité » du cytoplasme. Lors d’un stress cellulaire, la stimulation de ce processus permet 
l’adaptation de la cellule ainsi que sa survie en assurant l’élimination et le recyclage des 
protéines et organelles altérées. Poussé à l’extrême, ce processus atteint un point de non-
retour et la mort cellulaire, associée à l’autophagie, est observée.[94] Ainsi, selon les 
conditions, l’autophagie peut être un mécanisme associé à la survie ou à la mort cellulaire. 
Cette dualité fonctionnelle culmine en situation pathologique, et notamment dans les 
cancers où la cellule maligne détourne l’autophagie à son profit, notamment pour assurer sa 
survie lors d’un stress métabolique (lors du développement tumoral) ou thérapeutique (suite 
à l’administration d’une chimio-, radio-thérapie ou thérapie ciblée).[95] Elle apparaît donc 
comme un mécanisme régulateur clé de la tumorigenèse, en assurant un apport énergétique 
lors du développement tumoral, mais aussi en permettant la résistance des cellules 
cancéreuses au traitement thérapeutique.  
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Figure 12: Les étapes clés de l’autophagie. Ce processus catabolique lysosomal est initié par l’isolement de 
matériel cytoplasmique défectueux ou toxique (aussi appelé « cargo ») au sein d’une vésicule pré-
autophagosomale (aussi appelée phagophore). Celle-ci séquestre le cargo, s’allonge et se ferme sur elle-même 
pour former un autophagosome, caractérisé par sa double membrane lipidique. La fusion de l’autophagosome 
au lysosome résulte en la formation d’un autophagolysosome (ou autolysosome) où s’effectue la dégradation 
du cargo, en vue du recyclage de ses composantes premières (acides aminés, acides gras…) dans le cytoplasme. 
Rien n’étant connu sur l’autophagie dans les lymphomes anaplasiques à grandes cellules 
(LAGC) exprimant l’oncogène ALK, je me suis attachée, avec mes deux étudiantes, le Dr 
Géraldine Mitou (post-doctorante, financée par l’ANR Jeune Chercheur « ALK-phagie ») et 
Melle Julie Frentzel (doctorante, financée par la Ligue Nationale Contre le Cancer), à 
démontrer la mise en place d’un flux autophagique cytoprotecteur lors du stress 
thérapeutique induit par inactivation de l’oncogène ALK dans deux lignées de LAGC. 
D-2/ Résultats 
Nous avons utilisé deux lignées de lymphome anaplasique à grandes cellules : Karpas-299 et 
SU-DHL-1, exprimant l’oncogène NPM-ALK, pour démontrer selon différentes techniques 
complémentaires (recommandées par les « Guidelines for the use and interpretation of 
assays for monitoring autophagy »[96]), l’activation de l’autophagie suite au stress 
thérapeutique induit par administration du Crizotinib (inhibiteur de l’activité tyrosine kinase 
de ALK) ou par l’utilisation de petits ARN interférents, ciblant spécifiquement l’oncogène 
NPM-ALK (siRNA ALK). Seuls quelques résultats majeurs seront exposés ci-dessous. Ainsi, 
nous avons observé que l’inactivation pharmacologique (Crizo) ou moléculaire de l’oncogène 
ALK (siALK) induit: 
*Un nombre accru d’autophagosomes dans le cytoplasme des cellules. Ces structures
vésiculaires à double membrane sont caractéristiques de l’autophagie. Nous les avons 
visualisées et quantifiées par microscopie électronique (Figure 13A et B). 
*Une activation du flux autophagique par visualisation (en western-blot) de l’accumulation
des protéines LC3-II après inhibition de la fusion autophagosome/lysosome (par la 
chloroquine[97]). En effet, LC3 est une protéine clef de la machinerie autophagique 
impliquée dans la formation de l’autophagosome. Elle est clivée puis associée à la 
phosphatidylethanolamine (PE). Les deux formes LC3-I (non lipidée, cytoplasmique) et LC3-II 
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(forme lipidée, autophagosomale) peuvent être séparées, visualisées et quantifiées par 
western-blot (Figure 13C). 
*Une expression accrue des gènes codant pour des acteurs et régulateurs clefs de
l’autophagie. Nous avons utilisé pour cela un « autophagy array », développé par la société 
Qiagen (Figure 13D). 
Figure 13: Activation de l’autophagie par inactivation de l’oncogène NPM-ALK. A et B) Visualisation 
(grossissement x10000) et quantification des vésicules autophagiques observées en microscopie électronique 
sur des préparations de cellules de LAGC ALK positif (Karpas-299), traitées ou pas par le Crizotinib (500nM, 
24h). Les autophagosomes ont été dénombrés en tant que AVi (initial autophagic vacuoles); les 
autophagolysosomes (après fusion avec le lysosome) ont été dénombrés en tant que AVd (degradative 
autophagic vacuoles). C) L’activation du flux autophagique par inhibition pharmacologique (Crizotinib, panel 
supérieur) ou moléculaire (siALK, panel inférieur) de NPM-ALK est visualisée et quantifiée par analyse en 
western-blot de la conversion LC3-I en LC3-II et de l’accumulation de LC3-II en présence de chloroquine (CQ, 
30M, 24h). D) Analyse du profil d’expression d’une sélection de gènes d’un « autophagy array » 
(SABiosciences) indiquant le facteur d’augmentation entre des cellules Karpas-299 traitées par du Crizotinib 
(500nM, 24h) et non traitées (valeur normalisée à1).  
Dans un second temps, nous nous sommes attachés à démontrer le rôle cytoprotecteur de 
cette autophagie par des mesures de viabilité cellulaire et des tests de clonogénicité, 
effectués en combinant ou pas l’inactivation de l’oncogène NPM-ALK (Crizotinib ou siRNA 
ALK) avec l’inhibition de l’autophagie. Trois approches ont été utilisées pour inhiber 
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l’autophagie : -deux traitements pharmacologiques, soit par de la 3-methyladenine (3MA), 
soit par de la chloroquine (CQ), qui sont des inhibiteurs des phases précoces et tardives de 
l’autophagie, respectivement; -l’utilisation de petits ARN interférents, ciblant 
spécifiquement un acteur clef de l'autophagie (siRNA ATG7). Nos résultats indiquent, de 
façon très reproductible: 
*une synergie entre l’inactivation de l’oncogène ALK et l’inhibition de l’autophagie, quelle
que soit la méthode utilisée (3MA, CQ ou siRNA ATG7), en terme de réduction de viabilité 
cellulaire, d’incapacité à former des colonies et d’induction d’apoptose (Figure 14). 
Figure 14: Rôle cytoprotecteur de l’autophagie induite par inactivation de l’oncogène ALK. A) La viabilité de 
cellules Karpas-299, traitées ou non par le Crizotinib (Crizo, 500nM) et/ou la Chloroquine (CQ, 30M) a été 
déterminée après 48h par test MTS. B) Photographies représentatives de l’effet du Crizotinib (500nM), de la 
Chloroquine (30mM) et d’un traitement combinant ces deux drogues sur la capacité des cellules Karpas-299 à 
former des colonies en agar mou. Les cellules ont été traitées 16h comme indiqué avant leur ensemencement 
en plaque d’agar. Six jours plus tard, les colonies sont visualisées par addition du réactif MTT. C) Le traitement 
combinant le Crizotinib et la Chloroquine (Crizo + CQ) induit plus d’apoptose par rapport à chacun des mono- 
traitements. L’apoptose cellulaire a été mesurée par marquage Annexin V-PE / 7-AAD et analyse au cytomètre.  
*un défaut de croissance tumorale in vivo par la combinaison thérapeutique : « inhibition de
l’oncogène ALK (Crizotinib) + inhibition de l’autophagie (Chloroquine)» (Figure 15). 
D-3/ Conclusion 
Nos résultats ont été publiés récemment dans le journal « Oncotarget ».[58] Ils démontrent 
pour la première fois dans les LAGC ALK positif l’activation de l’autophagie lors de 
l’inactivation de l’oncogène ALK ainsi que son rôle cytoprotecteur. La capacité des cellules 
tumorales ALK-positives à activer un processus autophagique de résistance au stress 
thérapeutique pourrait donc participer à l’émergence de rechutes tumorales. Nos résultats 
suggèrent fortement que le traitement combiné des tumeurs ALK-positives par un inhibiteur 
de l’oncogène ALK et un inhibiteur de l’autophagie serait bénéfique pour les patients 
atteints de LAGC ALK positif.  
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Figure 15: Bénéfice thérapeutique, in vivo, des inhibitions combinées de l’oncogène ALK et de l’autophagie. 
A) Des souris NOD/SCID transplantées en sous-cutanée par des cellules Karpas-299 ont été traitées ou pas par
une dose sous-optimale de Crizotinib (Crizo, 10 mg/kg), de la Chloroquine (CQ, 60 mg/kg) ou une combinaison 
des deux drogues (Crizo+CQ). La croissance tumorale a été suivie deux fois par semaine par mesure au pied à 
coulisse. B) Photographies représentatives des tumeurs sous-cutanées à la nécropsie. C) Photographies des 
colorations à l’hematoxyline/eosine (HE) et des immunomarquages anti-caspase 3 clivée (CC3), réalisés sur des 
coupes de tissus tumoraux isolés à partir des différents groupes de souris cités en A. Les zones tumorales 
nécrosées sont indiquées par des flèches sur les colorations HE. D) La quantification de l’immunomarquage 
anti-caspase 3 clivée (CC3) a été réalisée sur lames scannées à l’aide des logiciels Pannoramic Viewer et 
HistoQuant. 
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PROJETS DE RECHERCHE 
56 
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A/ Projet 1 : Régulation post-transcriptionnelle de l’autophagie via les 
microARNs. 
 
A-1/ Introduction 
L’autophagie est un mécanisme régulateur clé de la tumorigenèse. [95,98] Son maintien à un 
niveau basal et son activation reposent sur des régulations fines, tant au niveau protéique 
qu’aux niveaux transcriptionnel et post-transcriptionnel. Notre laboratoire s’étant réorienté 
ces dernières années vers l’étude de la biologie des ARNs dans les hémopathies malignes, 
nous nous sommes particulièrement intéressés à la régulation post-transcriptionnelle de 
l’autophagie médiée par une famille de petits ARNs non-codants : les microARNs, ce qui est 
un domaine de recherche en émergence. [99] Ce projet s’inscrit dans la continuité du travail 
de thèse de mon étudiante en doctorat : Melle Julie Frentzel (soutenance prévue en Octobre 
2016). 
A-2/ Résultats préliminaires 
Afin d’identifier les mécanismes de régulation de l’autophagie qui dépendent des microARNs 
dans notre modèle d’étude : le lymphome anaplasique à grandes cellules ALK positif, la 
stratégie utilisée a été, chronologiquement: 
-de développer un outil de mesure rapide et quantitative du flux autophagique par FACS 
[100], en utilisant des cellules Karpas-299 (LAGC ALK positif) exprimant de façon stable la 
construction RFP-GFP-LC3 (obtenue par le laboratoire du Dr P. Codogno). Ce nouvel outil 
permet en effet de suivre le devenir des autophagosomes (marquées par la protéine 
fluorescente RFP-GFP-LC3) et notamment de « voir » leur fusion avec le lysosome du fait de 
la perte de fluorescence GFP en milieu acide. C’est donc l’augmentation du ratio « signal 
RFP/signal GFP » qui reflète l’activation du flux autophagique, Figure 16. 
 
Figure 16 : Quantification du flux autophagique par cytométrie de flux. Les cellules Karpas-299 exprimant de 
façon stable la protéine de fusion  RFP-GFP-LC3 ont été transfectées ou pas par un siRNA ciblant ULK1 (siULK1) 
et traitées ou pas (NT) par le Crizotinib (Crizo, 500nM, 24h). L’augmentation du ratio RFP/GFP indique 
l’activation du flux autophagique sous Crizotinib. Ce flux est inhibé en présence d’un siRNA ciblant ULK1 
(protéine essentielle dans l’étape d’initiation de l’autophagie). 
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- d’établir les profils d’expression 1) des gènes de l’autophagie (« autophagy array » – 
Qiagen) et 2) des microARNs (cancer miRNA array - Qiagen) dans les cellules Karpas-299 
traitées ou non par le Crizotinib, à la dose connue (de par nos travaux précédents [58]), pour 
induire une autophagie cytoprotectrice.  
- de sélectionner le (ou les microARNs) dont l’expression est le plus significativement down-
régulée. C’est ainsi que nous nous sommes focalisés sur miR-7-5p, Figure 17A. 
- de valider par RT-qPCR la régulation négative de ce miARN d’intérêt (miR-7-5p) lors du 
traitement des cellules Karpas-299 par le Crizotinib ou par un siALK, Figure 17B et C. Ces 
résultats ont été reproduits dans la lignée SU-DHL-1. 
Figure 17 : Régulation négative de miR-7-5p dans les LAGC ALK positif lors de l’inactivation de l’oncogène 
ALK. A) Les cellules Karpas-299 ont été traitées ou pas avec du Crizotinib (500nM, 24h). Les culots cellulaires 
(en triplicat) ont été envoyés à la société Qiagen pour réaliser un « cancer miRNA PCR array ». Les résultats 
sont représentés en « Volcano plot ». En vert, les miRNAs sous-exprimés ; en rouge, les miRNAs sur-exprimés ; 
en noir, les miRNAs dont l’expression est peu modulée par le traitement Crizotinib. B-C) Validation par RT-qPCR 
de la down-régulation de miR-7-5p par traitement Crizotinib (500nM, 24h) (B) ou par transfection d’un siRNA 
ciblant ALK (analyse post 72h de transfection) (C). 
- de sur-exprimer miR-7-5p dans les cellules Karpas-299 RFP-GFP-LC3, traitées ou non par le 
Crizotinib, afin d’évaluer son impact sur la viabilité cellulaire (MTS) et le flux autophagique 
(analyse par FACS). Nos résultats indiquent que la sur-expression de miR-7-5p induit une 
potentialisation du flux autophagique et des effets cytotoxiques du Crizotinib, Figure 18. 
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Figure 18 : La sur-expression de miR-7-5p potentialise l’effet anti-tumoral et le flux autophagique induit par 
le Crizotinib. A) Les cellules Karpas-299, transfectées par miR-7-5p ou un miR scramble (miR Neg), ont été 
traitées par du Crizotinib aux concentrations indiquées. La mesure de la viabilité cellulaire (test MTS) a été 
réalisée 72h après transfection des miRs, incluant 48h de traitement Crizotinib. B) Les cellules Karpas-299 RFP-
GFP-LC3 ont été traitées comme indiqué au point A et analysées par FACS pour l’activation du flux 
autophagique. 
A-3/ Perspectives 
Nos résultats préliminaires indiquent que miRNA-7-5p est le microARN le plus 
significativement down-régulé dans les cellules de LAGC ALK positif, soumises au Crizotinib ; 
et que la sur-expression de miR-7-5p induit la potentialisation du flux autophagique ainsi que 
la potentialisation des effets cytotoxiques du Crizotinib.  
Une analyse de la littérature indique que l’autophagie revêt plusieurs « visages ». Elle peut 
être non protectrice, cytoprotectrice, cytostatique ou cytotoxique.[101] Il apparaît aussi que 
selon son intensité et/ou sa durée, ses propriétés peuvent basculer (on parle de switch 
autophagique) d’un effet cytoprotecteur à un effet cytotoxique.[102] Les mécanismes 
moléculaires de régulation de cette balance sont encore peu connus. 
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Nous proposons l’hypothèse selon laquelle miR-7-5p serait un fin régulateur de la balance 
entre cytoprotection et cytotoxicité, lors du traitement des LAGC ALK positif par le Crizotinib. 
Nous nous attachons actuellement, par analyse de la littérature et par analyse bio-
informatique (utilisation des bases de données miRWalk et MEDIANTE), à identifier le ou les 
les ARN messagers cibles de miR-7-5p, qui pourraient participer au contrôle de ce switch 
autophagique.  
B/ Projet 2: Autophagie : carrefour thérapeutique des approches  vaccinales 
et ciblées contre l’oncogène ALK. (Boston Children’s Hospital, Collaboration 
Dr R. Chiarle, Septembre 2016 - Août 2017):  
Les grandes lignes de ce projet ont émergé il y a quelques mois, à l’issue de trois 
conférences scientifiques auxquelles j’ai assisté. Le congrès de l’association américaine 
contre le cancer (AACR), en avril 2015, le congrès EMBO « Autophagy signalling and 
progression in health and disease» en septembre 2015 et le premier meeting « ALKATRAS » 
du réseau européen ERIA (European Research initiatives on ALK-related malignancies), 
focalisé sur les recherches fondamentales et cliniques des tumeurs exprimant l’oncogène ALK. 
J’ai été très sensible (i) à la révolution actuelle dans le domaine de l’immunothérapie des 
cancers (AACR), (ii) au rôle important que peut jouer l’autophagie dans l’immunité (EMBO 
meeting), (iii) et aux résultats présentés par le Dr Roberto Chiarle sur la vaccination anti-ALK 
(ERIA). 
J’ai alors proposé au Dr Roberto Chiarle une collaboration, dans le cadre d’une mise à 
disposition demandée à l’INSERM, afin de tenter d’apporter ma connaissance de l’autophagie 
dans ses travaux sur la vaccination anti-ALK. Toutes les démarches administratives sont en 
cours. Voici donc ci-dessous quelques questions posées dans ce projet.  
B-1/ Autophagie et immunité: quelques données de la littérature 
Un nombre croissant de publications montre que l’autophagie joue un rôle certain à la fois 
dans l’immunité innée et adaptative.[103] Il a été décrit notamment que les 
autophagosomes, en fusionnant avec le compartiment de charge des molécules du 
Complexe majeur d’Histocompatibilité (CMH), participait à la stimulation de l’immunité 
adaptative, en participant au processus de présentation d’antigènes aux lymphocytes T CD4+ 
(via le chargement du CMHII) ainsi qu’aux lymphocytes T CD8+ (via le chargement du CMHI), 
Figure 19. Classiquement, le CMHI se charge de peptides issus de la dégradation par le 
protéasome et le CMHII se charge de peptides issus de la dégradation lysosomale. Les 
travaux pionniers de l’équipe du Dr C. Münz démontrent en 2007 que les autophagosomes 
peuvent délivrer des antigènes cytosoliques au compartiment CMHII.[104] Lorsque la 
dégradation via le protéasome est déficiente, les autophagosomes sont également capables 
de délivrer des peptides au CMHII.[105] Enfin, une littérature émergente décrit la sécrétion 
ou exocytose d’autophagosome (sous forme de Dribbles, Figure 20) permettant, de façon 
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efficace, le transfert d’antigène d’une cellule donneuse à une cellule présentatrice 
d’antigènes, pour une cross-présentation impliquant le CMHI.[106,107] Ce résultat a conduit 
au développement de « Tumor-derived autophagosome vaccines », qui ont été décrits 
comme ayant une efficacité supérieure que des lysats tumoraux pour stimuler les cellules 
dendritiques et la réponse immune anti-tumorale.[107–109]  
 
 
 
 
Figure 19 : Implication de l’autophagie dans la présentation antigénique. L’autophagie peut contribuer à 
l’immunité adaptative par au moins deux mécanismes : 1) Chargement sur le CMHI : les autophagosomes d’une 
cellule donneuse d’antigènes peuvent fusionner avec la membrane plasmique, permettant ainsi l’exocytose du 
cargo entouré de la membrane interne de l’autophagosome (voir figure 20 ci-dessous). Cette vésicule peut 
alors être re-capturée par des cellules présentatrices de l’antigène pour une cross-présentation via le CMHI. 2) 
Chargement sur le CMHII : les autophagosomes peuvent fusionner avec le compartiment de charge du CMH et 
délivrer ainsi des constituants cytoplasmiques sur le CMHII. Adapté de Shibutani et al., Nat Immunol, 
2015.[103] 
 
 
 
 
 
 
 
Figure 19: 
Implication de 
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la présentation 
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Figure 20: Exocytose des « autophagosomes ». Les protéines ubiquitinilées, incluant des DRiPs (Defective 
Ribosomal Products),  sont séquestrées dans un autophagosome en formation. Lorsque la fusion avec le 
lysosome est inhibée, l’autophagosome peut fusionner avec la membrane plasmique pour permettre 
l’exocytose de son contenu. Ainsi, la membrane interne de l’autophagosome (contenant le cargo) est relâchée 
dans le mileu extra-cellulaire en tant que Dribbles (Defective ribosomal products-containing autophagosome-
rich blebs).  Adapté de Christian Münz, Frontiers in Immunology, 2015. [110] 
 
 
B-2/ Vaccination anti-ALK : une thérapie d’avenir  
Les thérapies anti-cancéreuses à base de vaccins sont étudiées depuis de nombreuses 
années. Les vaccins à base d’ADN, à base de peptides ou à base de cellules dendritiques 
activées sont les trois approches thérapeutiques qui ont mobilisé l’attention de nombreux 
groupes de recherche.[111–113]  L’équipe du Dr Roberto Chiarle s’est investie dans le 
développement d’une thérapie vaccinale contre les cancers dépendants de l’oncogène 
ALK.[114,115] En effet, l’accumulation de plusieurs arguments sont en faveur du succès 
d’une telle thérapie : (i) Des études in vitro et in vivo montrent que les cellules de lymphome 
ALK positif présentent une addiction pour cet oncogène.[81,116] (ii) L’expression de la 
protéine ALK native est restreinte à quelques cellules neuronales, minimisant ainsi le risque 
de réactions autoimmunes suite à la vaccination. (iii) L’oncogène ALK est immunogène. En 
effet, les patients atteints de LAGC ALK positif sont capables de développer une réponse 
immunitaire, à la fois humorale et cytotoxique, contre l’oncogène ALK.[117,118] Des 
anticorps anti-ALK ont été détectés dans le sérum des patients et un titre élevé a été corrélé 
à un bon pronostic.[119] Ces réponses pourraient être amplifiées par la vaccination. (iv) Des 
études précliniques, à la fois dans un modèle murin de lymphome NPM-ALK positif et de 
cancer du poumon non à petites cellules EML4-ALK positif, ont démontré l’efficacité de 
vaccins anti-ALK à base d’ADN [120,121] ainsi qu’à base de peptide (Dr Chiarle, 
communication personnelle) pour limiter le développement tumoral, et ce en stimulant une 
réponse cytotoxique T CD8 positif.   
 
B-3/ Développement d’un vaccin anti-ALK à base d’autophagosomes 
Mon projet, en collaboration étroite avec le Dr Chiarle, est de développer un vaccin anti-ALK 
à base de cellules dendritiques (DCs) activées et de tester son efficacité dans les modèles 
murins de tumeur ALK positives qu’il a développés (lymphome et cancer du poumon).[65,80] 
Notre étude comprendra : 
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-la préparation d’une « suspension enrichie en autophagosomes » (chargés en antigène ALK) 
à partir de lignées cellulaires (établies à partir de lymphome et cancer du poumon ALK positif 
murins, lignées disponibles dans le laboratoire du Dr Chiarle). Pour cela, ces lignées seront 
incubées en présence d’un cocktail de trois drogues : la rapamycine, pour induire 
l’autophagie ; le bortezomib, pour bloquer le protéasome ; et la chloroquine, pour bloquer la 
fusion des autophagosomes au lysosome. Par des centrifugations différentielles successives, 
les autophagosomes (ou Dribbles, Figure 20) secrétés seront récupérés.[106–108]  
-l’incubation de cette préparation d’autophagosomes avec des DCs, fraîchement isolés à 
partir de la moelle osseuse de souris saine, en présence d’un cocktail de cytokines 
activatrices. L’incorporation des Dribbles dans ces DCs devrait permettre la charge des 
antigènes tumoraux ALK sur le CMHI (Figure 19). Les DCs ainsi « primées » constituent donc 
le « Tumor-derived autophagosome vaccine », que j’appellerai ci-dessous le « vaccin 
autophagosomal ».   
 
B-4/ Evaluation in vivo de l’efficacité du vaccin autophagosomal seul et de la combinaison 
thérapeutique « Crizotinib + inhibition de l’autophagie + vaccin autophagosomal » pour le 
traitement des tumeurs ALK positive. 
Le vaccin autophagosomal sera administré à des souris saines (Figure 21A) ou à des souris 
développant des tumeurs ALK positive (lymphome ou cancer du poumon) (Figure 21B et C), 
pour évaluer l’efficacité du vaccin utilisé respectivement en prévention ou en thérapie.  
Nous envisageons également d’évaluer les associations thérapeutiques : 1) « Vaccin 
autophagosomal + Crizotinib » (Figure 21B) ; 2) « Vaccin autophagosomal + Crizotinib + 
Inhibiteur de l’autophagie cytoprotectrice (induite par le Crizotinib) » (Figure 21C). 
Les efficacités de ces traitements seront étudiées et comparées. Les paramètres suivis 
seront : la survie des animaux ; le développement et la taille des tumeurs (imagerie par 
résonance magnétique) [121]; le niveau d’autophagie dans les tumeurs (immunohistochimie 
[122], microscopie électronique); la réponse T cytotoxique in vivo [120,123]; l’immunoscore 
(par immunohistochimie [124]) ; la régression tumorale (apoptose). 
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Figure 21 : Représentation schématique des protocoles de vaccination envisagés. A) Utilisation du vaccin en 
prophylaxie. B et C) Utilisation du vaccin en thérapie. Vax, Vaccination. Les échelles de temps sont données à 
titre indicatif et nécessiteront des mises au point.  
Ce projet complèterait ainsi mes travaux sur l’optimisation des thérapies anti-ALK, après mes 
études sur l’angiogenèse et l’autophagie cytoprotectrice comme cibles thérapeutiques 
potentielles. Il me permettrait de tisser une collaboration étroite avec le Dr Chiarle, membre 
du réseau ERIA. Enfin, il me permettrait de poursuivre, pour un an et dans un cadre 
scientifique exceptionnel, mes deux thématiques d’intérêt que sont l’étude des tumeurs ALK 
positive et l’autophagie. 
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The targeted inactivation of oncogenes offers a rational therapeutic
approach for the treatment of cancer. However, the therapeutic
inactivation of a single oncogene has been associated with tumor
recurrence. Therefore, it is necessary to develop strategies to override
mechanisms of tumor escape from oncogene dependence. We report
here that the targeted inactivation of MYC is sufficient to induce
sustained regression of hematopoietic tumors in transgenic mice,
except in tumors that had lost p53 function. p53 negative tumors
were unable to be completely eliminated, as demonstrated by the
kinetics of tumor cell elimination revealed by bioluminescence imag-
ing. Histological examination revealed that upon MYC inactivation,
the loss of p53 led to a deficiency in thrombospondin-1 (TSP-1)
expression, a potent antiangiogenic protein, and the subsequent
inability to shut off angiogenesis. Restoration of p53 expression in
these tumors re-established TSP-1 expression. This permitted the
suppression of angiogenesis and subsequent sustained tumor regres-
sion upon MYC inactivation. Similarly, the restoration of TSP-1 alone
in p53 negative tumors resulted in the shut down of angiogenesis and
led to sustained tumor regression upon MYC inactivation. Hence, the
complete regression of tumor mass driven by inactivation of the MYC
oncogene requires the p53-dependent induction of TSP-1 and the
shut down of angiogenesis. Notably, overexpression of TSP-1 alone
did not influence tumor growth. Therefore, the combined inactivation
of oncogenes and angiogenesis may be a more clinically effective
treatment of cancer. We conclude that angiogenesis is an essential
component of oncogene addiction.
tumorigenesis  angiogenesis inhibitors
Cancers harbor multiple genetic lesions contributing to tumor-igenesis through the disruption of the normal function of
proto-oncogenes andor tumor suppressor genes (1, 2). The tar-
geted repair of these mutant gene products may be a specific and
effective therapy. For example, the use of Imatinib specifically
inactivates the bcr-abl oncogene for the treatment of chronic
myelogenous leukemia (3).
The notion that tumorigenesis can be reversed through the
targeted inactivation of oncogenes has been broadly demonstrated
through conditional transgenic models (4, 5). Previously, we have
demonstrated that inactivation ofMYCcan induce sustained tumor
regression even in highly genomically complex and unstable hema-
topoietic tumors (6); furthermore, the brief inactivation of MYC
can induce sustained tumor regression in some tumors (7). MYC
inactivation induces a state of tumor dormancy in yet other types of
cancers, such as hepatocellular carcinoma (8). Thus, tumors appear
to become ‘‘addicted’’ to oncogenes, but the consequences of
oncogene inactivation depend on the cellular and genetic context
(4, 9, 10).
Cancers escape oncogene dependence by acquiring other events
(6, 11–15), thus becoming resistant to oncogene inactivation (14,
16). Understanding the molecular mechanisms of tumor escape
from oncogene dependence may lead to the development of more
effective targeted therapeutics for cancer treatment (15, 17, 18).
Here, we demonstrate that inactivation of MYC fails to induce
the complete and sustained regression of hematopoietic tumors
that have lost p53 expression. Moreover, we show that this defect
in tumor regression is associated with the loss of the antiangiogenic
regulator thrombospondin-1 (TSP-1) (19). Restoration of either
p53 or TSP-1 in p53 negative tumors was sufficient to reverse the
angiogenic switch (20) and restore sustained tumor regression upon
MYC inactivation. Hence, MYC inactivation combined with anti-
angiogenic therapymay be a previously undescribed strategy for the
treatment of cancer.
Results
MYC Inactivation Induces the Sustained Regression of Specific Hema-
topoietic Tumors.Previously, wehavedescribed a conditionalmouse
model for MYC-induced tumorigenesis in hematopoietic cells. To
achieve inducible and reversible MYC transgene expression, we
used the tetracycline regulatory system (Tet system). To driveMYC
transgene expression to the hematopoietic lineage, we used the Ig
heavy chain enhancer and the SR promoter (ESR) (21). Using
this system, MYC overexpression in hematopoietic cells occurs in
the absence of doxycycline and is repressed upon addition of
doxycycline to the drinking water. MYC overexpression resulted in
aggressive lymphoma development (mean survival: 10 weeks; Fig.
5A, which is published as supporting information on the PNAS web
site) (21). Continuous doxycycline treatment led to sustainedMYC
inactivation and resulted in the regression of tumors in allmice (21).
Notably, 40% of mice remained tumor free and alive at 50 weeks
(Fig. 1A) (21). We then investigated whether even brief MYC
inactivation could induce sustained regression of primary hemato-
poietic tumors. MYC transgene expression was suppressed for 10
days in cohorts of transgenic mouse moribund with primary he-
matopoietic tumors (Fig. 1A). Brief inactivation of MYC expres-
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sion also was sufficient to induce sustained tumor regression and
20% of transgenic mice survived for as long as 50 weeks (Fig. 1A).
No significant difference (P  0.1957) was observed comparing
survival upon sustained or briefMYC inactivation (Fig. 1A).When
brief MYC inactivation was performed on secondary transplanted
tumors into syngeneic hosts, we observed sustained tumor regres-
sion in three of four tumors (relapse rate versus injected mice: 24,
07, 05, or 07). Therefore, the ability of MYC inactivation to
induce complete and sustained tumor regression appears to reflect
an intrinsic tendency of each tumor.
Loss of p53 Function Facilitates Tumor Relapse. Loss of p53 function
is common in tumors (22) and has been described to play a critical
role in tumor recurrence (13). Therefore, we analyzed whether p53
loss would promote tumor relapse after MYC inactivation in our
lymphoma model. Consistent with this possibility, primary lym-
phoid tumors that had relapsed after MYC inactivation often
demonstrated loss of p53 expression (Fig. 1B). To directly investi-
gate the effect of loss of p53 function, cohorts ofmice that expressed
a conditional MYC transgene in concert with the loss of one p53
allele were generated. Similar to previous reports (23–26), the loss
of one p53 allele was sufficient to accelerate tumorigenesis with a
reduction in the mean latency of tumor onset by 3 weeks (Fig. 5A,
P  0.0001). Primary tumors induced by the conditional MYC
transgene expressed p53 mRNA and protein, whereas primary
tumors arising frommice genetically heterozygous for p53, had lost
p53 mRNA and protein expression, that could in some cases be
explained by the loss of the second p53 allele (Figs. 1C and 5B).
The primary p53 negative tumors initially all regressed upon
sustained MYC inactivation, and the mice clinically recovered, but
these tumors always relapsed, in contrast to primary p53 wild-type
tumors (Fig. 1A, P  0.0002; Fig. 2). There are several possible
explanations for our results. First, it was possible that loss of p53
function facilitated the ability of tumors to either bypass the Tet
system and express the MYC transgene or activate expression of
endogenous C-, N- or L-Myc.However, when relapsed tumors were
examined for MYC protein expression, overexpression of the
human MYC transgene or endogenous C-, N-, or L-Myc proteins
was not observed (Fig. 6, which is published as supporting infor-
mation on the PNAS web site). Thus, the relapsed tumors had
become independent of MYC expression, similar to what we have
described (6).
Another possibility was that tumors arising in the context of
MYC overexpression and loss of p53 expression were different
types of lymphomas that may account for their different response
to MYC inactivation. Although this possibility cannot be excluded,
the tumors induced by MYC overexpression versus MYC overex-
pression and loss of p53 exhibited similar histology and identical
FACS phenotype: Thy-1, CD4, CD8, CD3, CD5, and T cell antigen
receptor  positive (data not shown). Another possibility is that
loss of p53 induced genomic destabilization facilitating the ability of
tumors to acquire genetic events that could compensate for loss of
MYC overexpression. However, we have previously performed
spectral karyotype analysis of tumors and failed to detect differ-
ences in genomic abnormalities in p53 positive versus negative
tumors (6). A final possibility was that p53 loss allowed tumors to
escape their dependence upon MYC overexpression by preventing
the elimination of tumor cells.
p53 Loss Impairs the Eradication of Tumor Cells upon MYC Inactiva-
tion. To precisely evaluate how loss of p53 function influences
tumor regression uponMYC inactivation, we used bioluminescence
imaging (27) to compare the kinetics of transplanted p53 positive
and negative tumor elimination uponMYC inactivation in vivo. We
retrovirally introduced the luciferase enzyme into tumor-derived
cell lines. The luciferase-labeled cells were detected with a minimal
sensitivity of 1,000 cells per site and over a multiple log range in cell
number (data not shown). Cohorts ofmice were inoculated s.c. with
luciferase-labeled p53-positive or -negative tumors and the intensity
of the luminescent signal was monitored before and after MYC
Fig. 1. Brief MYC inactivation can induce sustained tumor regression. (A)
Kaplan–Meier plots for tumor-free survival after doxycycline treatment (100
gml). The genotypes of the mice and the sustained (MYC Off) or brief (MYC
OffOn) MYC inactivation are indicated. The number of mice in each group is
denoted by the n values. Primary tumor regression and relapse were moni-
tored for up to 50 weeks. Statistical comparison of Kaplan–Meier plots is based
on the log-rank test. (B) p53 protein expression levels in MYC primary and
relapsed tumors. Western blot analysis was performed on protein lysates
prepared from MYC primary and relapsed tumors. Equal loading was con-
firmed by anti- tubulin Western blot analysis. PC, positive control. (C) p53
protein and mRNA expression in primary (10) MYC versus primary MYCp53/
tumors. PCR was performed to measure p53 and gapdh mRNA. Western blot
analysis of p53, MYC, and tubulin protein expression were performed.
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Fig. 2. p53 status and the rate of tumor cell elimination upon MYC inacti-
vation. (A) Measurement of tumor cell elimination upon MYC inactivation.
p53 wild-type (p53), p53 negative (p53), and p53 restored (p53 to) tumor
cells were retrovirally labeled with luciferase before s.c. injection into synge-
neic mice. Mice were serially imaged by bioluminescence imaging at the
indicated times, before and after MYC inactivation, to monitor transplanted
tumor growth (MYC On) and tumor regression upon doxycycline treatment
(100 gml) (MYC Off). A summary of changes in luciferase activity is shown.
Each cohort consisted of at least 5 mice. Representative data from one of three
experiments is shown. (B) Representative images of bioluminescence imaging.
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inactivation to measure kinetics of tumor regression (Fig. 2A). The
initial rate of tumor regression was similar in p53 and p53 tumors
within the first 2 days ofMYC inactivation and the first log in tumor
reduction (Fig. 2). However, after 2 days, p53 tumors were rapidly
eliminated, whereas p53 tumors continued to persist in the host
after MYC inactivation. After 19 days of MYC inactivation, a
bioluminescent signal was detected in mice injected with p53
tumor cells, whereas complete tumor elimination was observed in
mice injected with p53 tumor cells (Fig. 2). Thus, the loss of p53
had no effect on the initial consequences of MYC inactivation but
prevented the complete eradication of tumor cells.
p53 Loss Blocks a TSP-1-Mediated Antiangiogenic Response upon MYC
Inactivation. Angiogenesis is critical for the expansion of tumor
mass (28). The MYC oncogene has been shown to regulate
angiogenesis and specifically inhibit the expression of the antian-
giogenesis regulator TSP-1 (29–32). Conversely, p53 has been
described to suppress tumor angiogenesis and also has been shown
to regulate TSP-1 (33, 34).Hence, we speculated that the loss of p53
might impede complete tumor regression upon MYC inactivation
by blocking the antiangiogenic response mediated via TSP-1.
Transplanted p53 positive and negative tumors were examined by
immunofluorescence for microvessel density (CD31) and TSP1
expression, at tumor onset and 6 days after MYC inactivation (Fig.
3 A and B). Whereas p53 status did not affect CD31 or TSP-1
expression during tumor onset (Fig. 3A, MYC On), striking differ-
ences in TSP-1 expression were observed upon MYC inactivation
(Fig. 3A, MYC Off). Importantly, p53 tumors exhibited signifi-
cantly lower levels of TSP-1 expression despite MYC inactivation.
Reduced TSP-1 expression in p53 tumor cells was also confirmed
byWestern blot analysis (Fig. 3B). To further confirm that p53 loss
influenced the angiogenic program uponMYC inactivation, tumor
microvessel density was evaluated by performing endothelial cell
specific CD31 staining. Even six days after MYC inactivation, we
noticed the persistence of larger lumen vessels in p53 deficient
tumorswhereas p53 tumors exhibited reducedCD31 staining (Fig.
3A).UsingTUNELanalysis, we observed endothelial cell apoptosis
in p53, but not p53 tumors upon MYC inactivation. Further-
more, before MYC inactivation, microvessel density (MVD) was
found to be similar in p53 and p53 tumors. However, afterMYC
inactivation, p53, but not p53 tumors, exhibited a significant
reduction inMVD (Fig. 3C). Together these data suggest that p53
tumors failed to induce sufficient levels of TSP-1 to mediate the
appropriate antiangiogenic response to MYC inactivation neces-
sary for complete and sustained tumor regression.
Restoration of p53 Permits Sustained Tumor Regression upon MYC
Inactivation. Loss of p53 resulted in a defect in tumor regression by
preventing angiogenesis inhibition induced by MYC inactivation.
We reasoned that by restoring p53, we would induce a more
complete antiangiogenic response and subsequently sustain tumor
regression upon MYC inactivation. To investigate the conse-
quences of p53 restoration, three different p53 tumor derived cell
lines (6814, 7031, and B-1601) were retrovirally transduced with
p53. Importantly, the level of p53 protein expression was found to
be comparable to several tumor-derived cell lines positive for p53,
as measured by Western blot analysis (Fig. 7, which is published as
supporting information on the PNAS web site).
We then investigated whether p53 restoration would rescue
TSP-1 expression and decrease tumor neovascularization. TSP-1
and CD31 levels were examined in transplanted p53 restored (p53
to ) tumor specimens isolated 6 days after MYC inactivation.
Ectopic expression of p53 led to restoration of TSP-1 levels
comparable to p53 tumors upon MYC inactivation (Fig. 3A). In
addition, CD31 and TUNEL staining revealed both increased
endothelial cell apoptosis and reduced microvessel density in p53
restored (p53 to ) tumors (Fig. 3 A and C).
Finally, we examined the influence of p53 restoration on the
Fig. 3. p53 status modifies the angiogenic response of tumors upon MYC inactivation. (A Left) p53 status does not affect the angiogenic response of tumor
onset upon MYC activation. p53 wild-type (p53), p53 negative (p53) and p53 restored (p53 to) transplanted tumors were examined by immunofluorescence
for microvessel density (CD31) and TSP-1 expression (MYC on). (A Right) The loss of p53 decreases TSP-1 levels despite MYC inactivation. p53 wild-type (p53),
p53 negative and p53 restored (p53 to ) transplanted tumors were examined by immunofluorescence for microvessel density (CD31) and TSP-1 expression 6
days after MYC inactivation (MYC Off). Whereas there was no significant difference in the level of TUNEL reactivity, there were significantly more TUNEL-positive
endothelial cells (white arrow) in p53 wild-type (p53) and p53 restored (p53 to ) tumors as compared with p53 negative (p53) tumors. Specificity of staining
was ensured by immunostaining of serial tumor sections with isotype matched control antibodies. (B) Western blot analysis of p53 wild-type (p53) and p53
negative (p53) transplanted tumors were performed for TSP-1 expression upon MYC activation and 6 days after MYC inactivation. Densitometric analysis
demonstrated significantly higher TSP-1 expression in p53 wild-type (p53) tumor cells relative to -actin as compared with p53 negative (p53) tumor cells. (C)
Quantification of microvessel density (MVD) per high power field (hpf) demonstrated significantly increased MVDhpf in p53 negative (p53) tumors 6 days after
MYC inactivation as compared with p53 wild-type (p53) tumors. At least five fields were counted in representative tumor sections, and at least two different
transplanted tumors were analyzed. Values are represented as means  standard deviation.
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kinetics of tumor cell elimination in vivo uponMYC inactivation by
bioluminescence imaging.We found that transplanted p53 restored
tumors exhibited rapid and complete tumor cell elimination com-
parable to p53 tumors (Fig. 2). Thus, restoration of p53 now
permitted complete tumor cell elimination uponMYC inactivation
in vivo.
Restoration of Either TSP-1 or p53 Is Associated with Sustained Tumor
Regression upon MYC Inactivation. Next we examined whether
TSP-1 restoration alone could maintain tumor regression upon
MYC inactivation even with the loss of p53. p53, p53, p53
restored, or p53TSP-1HI tumor cells were inoculated s.c. into
syngeneic hosts and mice were treated with doxycycline. TSP-1HI
expression was achieved in p53 tumor cells through serial retro-
viral transduction. TSP-1 expression was confirmed by quantifica-
tion of Western analysis and immunohistochemical staining and
demonstrated similar expression levels as in p53 tumors (Fig. 8,
which is published as supporting information on the PNAS web
site).Whereas restoration of TSP-1 expression did not influence the
kinetics of transplanted tumor growth, similar to restoration of p53,
transplanted p53TSP-1HI tumor cells were eliminated rapidly and
more completely as compared with transplanted p53 tumor cells
(Fig. 4A, P  0.03). Further, transplanted tumors with TSP-1HI
expression were associated with decreased CD31 staining and
MVD (Fig. 8).
Finally, we examined whether p53 or TSP-1 restoration could
prevent tumor relapse upon MYC inactivation. p53 or p53 re-
stored tumor cells were inoculated i.p. into syngeneic hosts andmice
were treated with doxycycline at tumor onset. As expected, after
initial tumor regression, transplanted p53 tumors relapsed rapidly,
with a mean relapse time of 5.5 weeks after MYC inactivation.
However, transplanted p53 restored tumors exhibited a significant
delay until tumor relapse ranging from 6 to 37 weeks (Fig. 4B, P
0.0001)with 3mice exhibiting sustained tumor regression even after
37 weeks. Similarly, transplanted TSP-1 restored tumors (TSP-1HI)
exhibited prolonged survival (Fig. 4C, P  0.0122). Notably, the
transplanted tumors that relapsed in the p53 restored cohort had
lost p53 protein expression, as seen by Western blot analysis (Fig.
4D), with one exception (R4), which expressed higher levels of a
most likely mutated p53 allele. Hence, the sustained restoration of
p53 expression in tumors significantly enhanced the ability ofMYC
inactivation to induce sustained tumor regression. Thus, the resto-
ration of either p53 or TSP-1 expression in p53 tumors is sufficient
to permit tumor regression and to limit tumor relapse upon MYC
inactivation.
Discussion
We found that the loss of p53 function prevents sustained tumor
regression upon MYC inactivation corresponding with the loss of
induction of the antiangiogenic regulator, TSP-1 and the suppres-
sion of tumor angiogenesis. Furthermore, the restoration of either
p53 or TSP-1 in p53 negative tumor cells now permitted MYC
inactivation to induce the shut off of the angiogenic switch and
sustained tumor regression. Importantly, overexpression of TSP-1
alone did not influence tumor growth suggesting that only a
combination of MYC inactivation and TSP-1 expression was suf-
ficient to induce tumor regression. Hence, angiogenesis appears to
be an essential component of oncogene addiction.
We have gained some critical insight into the mechanism of
tumor regression uponMYC inactivation. Previously, we described
thatMYC inactivation induced cell autonomous proliferative arrest
and apoptosis of hematopoietic tumor cells. Here we have dem-
onstrated that MYC inactivation in hematopoietic tumors also
appears to require a blockade in tumor angiogenesis. Furthermore,
we demonstrate that p53 is required for a TSP-1 mediated antian-
giogenic response upon MYC inactivation. Therefore, MYC inac-
tivation appears to induce tumor regression at least in part through
a p53-dependent induction of TSP-1 expression. Future studies
should address whether in epithelial tumor models p53 similarly
regulates TSP-1 expression.
Our results are consistent with previous studies that have sug-
gested that MYC (29–32) or p53 (33–36) may be involved in the
Fig. 4. Combined inactivation of MYC and restoration of p53 or TSP-1
expression is more effective in inducing tumor regression. (A) Restoration of
p53 or TSP-1 and tumor regression upon MYC inactivation. In these experi-
ments, p53 or TSP-1 was transduced into tumor cells and maintained under
continuous selection in vitro to ensure expression. p53 positive (p53), p53
negative (p53), p53 restored (p53 to ) and p53-TSP-1HI tumor cells were
injected s.c. at a dose of 107 cells into cohorts of syngeneic FVBN-recipient
mice. When transplanted tumors reached 2 cm2 in size, mice were treated with
doxycycline (100 gml) to inactivate MYC. Tumor volume is calculated from
caliper measurement and is expressed as logarithmic fold changes in tumor
volume before MYC inactivation. Data are presented as the mean for each
cohort  SEM with statistical analysis performed by the Mann–Whitney test.
(B and C) MYC inactivation, combined with p53 or TSP-1 restoration, delays
tumor relapse in vivo. p53 negative (p53), p53 restored (p53 to ), or TSP-1
restored (p53-TSP-1HI) cells (107) were injected i.p. into syngeneic mice. When
moribund with tumor burden, transplanted mice were treated with doxycy-
cline (100 gml) and monitored for tumor relapse. Kaplan–Meier survival
curve are represented. Statistical comparison of Kaplan–Meier plots is based
on the log-rank test. The number of mice in each group is denoted byn values.
(D) Tumor relapse after MYC inactivation is frequently associated with re-
duced p53 protein expression. p53 expression levels in p53 restored tumor
cells, at the time of tumor onset and relapse (R1–R8), was analyzed by Western
blot on protein lysates (60 g) prepared from transplanted relapsed tumor
tissues. Protein loading was assayed by anti--tubulin Western blot.
Giuriato et al. PNAS  October 31, 2006  vol. 103  no. 44  16269
CE
LL
BI
O
LO
G
Y
82
regulation of tumor angiogenesis and that TSP-1 is a negative
regulator of tumorigenesis (37, 38). This study illustrates that MYC
inactivation requires either p53 or TSP-1 to inhibit angiogenesis and
induce sustained tumor regression. Importantly, we demonstrate
that tumor relapse due to the loss of p53 can be significantly delayed
or even prevented, in some cases, by restoration ofTSP-1 expression
to maintain tumor regression after MYC inactivation.
Our results may bemore generally relevant to themechanisms by
which targeted therapeutics induce tumor regression. The restora-
tion of either p53 or TSP-1 may be similarly effective in permitting
sustained tumor regression upon oncogene inactivation in other
tumor models (11–13). In this context, it will be interesting to
determinewhetherTSP-1 expression is systematically induced upon
oncogene inactivation, regardless of the specific oncogene and
cancer type (39). In addition, it will be important to determine
whether tumor relapse after oncogene inactivation is associated
with TSP-1 loss, especially in p53 wild-type tumors.
Human tumors are generally considered to be more complex
than mouse tumors and targeting any single mutant gene product
is unlikely to be sufficient to induce durable tumor regression. In
this regard, it has been recently illustrated that the loss of p53 or
p19ARF impairs the ability of Imatinib to regress BCR-ABL
induced tumors through unknown mechanisms (40, 41). The res-
toration of p53 or p19ARF may enhance the clinical response of
human tumors to Imatinib; and possibly this may occur through
regulation of angiogenesis. Our results provide one illustration
where the combined inactivation or repair of multiple gene prod-
ucts andor pathways such as the inactivation of an oncogene,
MYC, plus the restoration of a tumor suppressor, p53, or a regulator
of angiogenesis, TSP-1, is more likely to be effective in the treat-
ment of cancer. Generally, our results support the idea that the
combined inactivation of an oncogene and the inhibition of angio-
genesis will be an effective therapeutic strategy for cancer.
Materials and Methods
Transgenic Mice. The generation and characterization of Tet system
transgenic lines for conditional expression of MYC, have been
described (21). p53 knockout mice were kindly provided by Alan
Bradley (Baylor University, Houston, TX) and were generously
provided in the FVBN background by Lisa Coussens (University
of California, San Francisco). Genotyping was performed by PCR
on genomic DNA from tails. Analysis of the p53 wild-type or
mutated allele was performed as described (42). Animals were
housed in the Stanford vivarium as per animal protocols approved
by Stanford University.
Tumor Surveillance and Tumorigenicity Assays.Transgenicmicewere
observed biweekly for tumor development. When mice were mor-
ibund with tumor burden, they were either humanely euthanized or
treated with doxycycline in their drinking water (100 gml) to
follow tumor regression and relapse. Percent survival of MYC
overexpressing mice with or without p53 loss was measured as the
mice life duration and used to assess lymphomagenesis. Tomonitor
for tumor regression and relapse, percent survival was measured as
the time between doxycycline treatment (if tumor regression oc-
curred within 1 week) and relapse, which is defined as recurrence
of signs of morbidity. Statistical comparison of Kaplan–Meier
curves is based on the log-rank test. For transplantation experi-
ments, primary tumors were first adapted to in vitro growth as
described (21) and then 107 cells were washed once in PBS before
i.p. or s.c. injection into FVBN syngeneicmice. To assess for tumor
regression, transplanted s.c. tumors were measured by using a
caliper over a 30-day period of doxycycline treatment, and tumor
volumeswere calculated by using the formula length (mm)width2
(mm)  0.52 (20, 43).
Cell Culture.Tumor-derived cell lines were generated bymechanical
disruption of tumor tissue followed by Ficoll–Paque purification of
the single cell suspension. Cells were then maintained in vitro as
described (21). To inactivate human c-MYC transgene expression,
tumor cells were treated with doxycycline at 20 ngml.
Retrovirus Constructs, Virus Production and Tumor Cell Infection.
MSCV-IRES-GFP and MSCV-p53-IRES-GFP constructs were
kindly provided by S. Lowe (Cold Spring Harbor Laboratory, Cold
SpringHarbor,NY).MSCV-LUC-IRES-GFP construct was kindly
provided by Luis Soares (Stanford University). MSCV-Puro-LUC
construct, a modified version of the pDON plasmid vector (Takara
Mirus Bio, Madison, WI), was kindly provided by Mobin Karimi
and Robert Negrin (Stanford University). Retroviruses containing
supernatants were prepared by transient transfection of 293T cells,
and viral titers were measured as described (44). Tumor cells were
incubated with retroviruses containing supernatants for 12 h at
32°C in media containing 4 gml polybrene. Cells were then
expanded at 37°C for an additional 48 h and GFP expressing cells
were purified by flow cytometry on a FACS Vantage (Becton
Dickinson, Franklin Lakes, NJ). Cells containing MSCV-Puro-
LUC were selected with puromycin.
TSP-1 retrovirus was produced by transfecting GPG-293 cells
with 8 g of PWZL-TSP1 plasmid DNA or PWZL vector alone
(Addgene, Cambridge, MA) and 24 l of Mirus TransIT Express
transfection reagent. High-titer viral supernatant was collected at
days 5, 7, and 9 after transfection. Virus was concentrated by
high-speed centrifugation, and used to infect 2 105 p53 cells by
spin-infection at 2,000  g for 2 h with vector alone or serially
incubated with TSP-1 virus three times.
In Vivo Bioluminescence Imaging. p53wild-type (p53), p53 negative
(p53) and p53 restored (p53 to ) tumor cells, expressing the
luciferase enzyme, were injected i.p. or s.c. into syngeneic mice.
Tumors were allowed to develop until reaching a similar biolumi-
nescent signal. Tumor regression was then induced by doxycycline
treatment (100 gml). Mice developing transplanted tumors were
anesthetized with a combination of inhaled isofloraneoxygen
delivered by the Xenogen XGI-8 5-port Gas Anesthesia System.
The substrate D-luciferin (150mgkg)was injected into the animal’s
peritoneal cavity 10min. before imaging. Animals were then placed
into a light-tight chamber and imaged with an IVIS-100 cooled
CCD camera (Xenogen, Alameda, CA). First, a grayscale body
surface reference image (digital photograph)was taken under weak
illumination. Next, photons emitted from luciferase expressing cells
within the animal and transmitted through the tissues were col-
lected for a period of 5 sec to 1 min and quantified by the software
program Living Image (Xenogen) as an overlay on the image
analysis program ‘‘Igor’’ (Wavemetrics, Seattle, WA). For anatom-
ical localization, a pseudocolor image representing light intensity
(blue, least intense; red, most intense) was generated in Living
Image and superimposed over the gray scale whole body reference
image as described previously (45). Living Image was used to
collect, archive, and analyze photon fluxes and transform them into
pseudocolor images by using Living Image software (Xenogen). At
least 5 mice per group were injected with tumors expressing
luciferase.
Immunohistochemistry.Mice were euthanized at tumor onset and 6
days after MYC inactivation, and transplanted tumors were har-
vested and fixed in neutral buffered formalin for paraffin sections.
Paraffin embedded tumor sections were deparaffinized by succes-
sive incubations in xylene, 95% ethanol, 90% ethanol, 70% ethanol
followed by PBS. Epitopes were unmasked with 20 ugml protein-
ase K in PBS at room temperature for 30 min and rinsed twice in
PBS plus 0.3% Triton X-100 (PBS-T). Sections were immuno-
stained with rat anti-CD31 mAb (1:50; Pharmingen, San Diego,
CA), mouse anti-TSP1 (clone A6.1, 1:50; Lab Vision, Fremont,
CA), or an isotype matched control (Pharmingen) overnight at
room temperature. This was followed by incubation for 2 h with
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goat anti-rat Alexa 594 or goat anti-mouse Alexa 594 conjugated
secondary antibody (1:500;Molecular Probes). Nuclei were labeled
by brief washes in Hoechst dye (Sigma, St. Louis, MO; 1 ugml).
For TUNEL staining, after anti-CD31 immunostaining, sections
were stained by using the DeadEnd Fluorometric TUNEL System
(Promega). In brief, sections were incubated for 15 min in equili-
bration buffer followed by incubation with nucleotide mix (con-
taining fluorescein-12-dUTP) and terminal deoxynucleotidyl trans-
ferase enzyme for 60 min at 37°C. Reactions were stopped by
incubation in 2SSC for 15min followed by serial washes in PBS-T.
Sections were mounted with glycerol, and images were obtained on
a Zeiss microscope and analyzed by using AxioVision 4.0 software
(Carl Zeiss Vision).
Western Blot Analysis.Tumor pieces or tumor-derived cell lineswere
lysed in TrisHCl, pH 850 mMNaCl 150 mM1% Triton X-100
DTT 1 mM1 inhibitor mixture mix (Calbiochem, San Diego,
CA)100 gml PMSF. Western blots were performed on protein
lysates (60 g) by using conventional techniques. p53 protein
expression was detected by using antibodies obtained from Novo-
castra Laboratories at a dilution of 1400. As a positive control for
p53 expression, a lysate prepared from MEF cells that overexpress
p53 was used (46). MYC protein levels were assessed by using
human c-MYC (9E10,Oncogene, SanDiego, CA) (dilution 1200),
mouse c-Myc (c19; Santa Cruz Biotechnology, Santa Cruz, CA)
(dilution 1250), mouse N-Myc (OP13; Oncogene) (dilution
1100), and mouse L-Myc (c20; Santa Cruz Biotechnology) (dilu-
tion 1100) antibodies. As a positive control for N-Myc and L-Myc,
protein lysates were prepared from BJAB cells (Santa Cruz Bio-
technology) and NCI-H209 cells (American Type Culture Collec-
tion Biotechnology, Manassas, VA), respectively. The -tubulin
antibodies were purchased from Oncogene (Ab-1) and used at a
dilution of 1500. Horseradish peroxidase (HRP)-coupled second-
ary antibodieswere obtained fromAmershamBiosciences andused
at a dilution of 12,000. Protein bands were visualized by using the
ECL1 detection kit (Amersham Biosciences, Piscataway, NJ).
Expression of TSP-1 was assessed by immunoblotting whole-cell
lysates. Cells were treated for 10 h with doxycycline in RPMImedia
alone, washed three times with PBS, and then lysed with sample
buffer. Cells (1 106) were loaded on a 6% TrisHCl SDSPAGE
gel, subjected to gel electrophoresis, and transferred to a nitrocel-
lulose membrane. The membrane was incubated with TSP-1 mAb
(Neomarker Ab-11; 11,000) in TBST for 1 h at room temperature,
then washed and incubated with goat anti-mouse HRP (Zymed;
11,000). Protein bands were visualized with the ECL detection kit
(Amersham). Membranes were stripped and reprobed with anti-
-actin mAb (15,000) followed by goat anti-mouse HRP and
visualized by ECL detection. Films were densitometrically ana-
lyzed, and TSP-1 levels were normalized to -actin levels.
Microvessel Density. Transplanted tumors were harvested 6 days
after MYC inactivation and paraffin embedded. Microvessel den-
sity was determined by immunofluorescence staining of deparaf-
finized tumor sections with an anti-CD31mAb (PharMingen; 150)
overnight at room temperature followed by a Goat anti-rat Alexa
594 (Molecular Probes; 1500) for 2 h at room temperature.
Sections were briefly rinsed with Hoechst dye to stain nuclei. By
following themethod as described (47), at lowmagnification (40),
regions of highest vessel density were captured and counted at200
magnification (0.738 mm2 field). At least five fields were counted
in a representative tumor section, and at least two different
transplanted tumors were counted. Values are represented as
means  SD.
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NPM-ALK (nucleophosmin-anaplastic
lymphoma kinase) and TPM3-ALK (non-
muscular tropomyosin 3-anaplastic lym-
phoma kinase) are oncogenic tyrosine
kinases implicated in the pathogenesis of
human ALK-positive lymphoma. We re-
port here the development of novel condi-
tional mouse models for ALK-induced
lymphomagenesis, with the use of the
tetracycline regulatory system under the
control of the ESR enhancer/promoter.
The expression of either oncogene re-
sulted in the arrest of the differentiation
of early B cells and lymphomagenesis.
We also observed the development of
skin keratoacanthoma lesions, probably
because of aberrant ALK expression in
keratinocytes. The inactivation of the ALK
oncogene on doxycycline treatment was
sufficient to induce sustained regression
of both hematopoietic tumors and skin
disease. Importantly, treatment with the
specific ALK inhibitor (PF-2341066) also
reversed the pathologic states, showing
the value of these mouse models for the
validation of ALK tyrosine kinase inhibi-
tors. Thus, our results show (1) that NPM-
ALK and TPM3-ALK oncogenes are suffi-
cient for lymphoma/leukemia development
and required for tumor maintenance, hence
validating ALK as potentially effective thera-
peutic target; and (2) for the first time, in
vivo, the equal tumorigenic potential of the
NPM-ALK and TPM3-ALK oncogenic ty-
rosine kinases. Our models offer a new tool
to investigate in vivo the molecular mecha-
nismsassociatedwithALK-induced lympho-
proliferative disorders. (Blood. 2010;115(20):
4061-4070)
Introduction
The anaplastic lymphoma kinase (ALK) is associated with a subset of
non-Hodgkin lymphomas characterized by the translocation of ALK
gene located on chromosome 2p23, which is fused to 1 of 13 partners.1-6
The 2 most common fusion partners are the nucleophosmin 1 (NPM1)
gene, on chromosome 5, and the nonmuscular tropomyosin 3 (TPM3)
gene, on chromosome 1, that account for 75% and 15% ofALK-positive
lymphomas, respectively. Two different ALK-positive lymphoprolifera-
tive disorders have been described and are now recognized as distinct
entities: systemic anaplastic large cell lymphoma T/null (World Health
Organization classification7) and a rare variety of diffuse large B-cell
lymphoma often with plasmablastic features that we described in 1997.8
More recently, we have shown that ALK-positive diffuse large B-cell
lymphoma was namely associated with the t(2;17)(p23;q23) involving
Clathrin-ALK rearrangement.9 Occasional cases have been associated
with the t(2;5)(p23;q35) translocations and found to express the
NPM-ALK fusion protein.10,11
The oncogenic properties of NPM-ALK and TPM3-ALK fusion
proteins have been shown in vitro, in fibroblastic and lymphoid cell
lines,12-15 in vivo with xenografts ofALK-expressing cells,16,17 retroviral
transduction,18,19 or transgenic mouse models.20,21 In particular, it has
been established that to induce ALK in transgenic models, it is critical
both to use the correct lineage-specific promoter and to induce signifi-
cant levels of protein expression.22,23 Hence, the ideal mouse model
should use conditional and lineage-specific promoter to closely mimic
the human malignancy and to allow reversible expression of the
transgene, as has been suggested.23,24 To achieve these objectives, we
used the tetracycline regulatory system to generate conditional trans-
genic mice overexpressing NPM-ALK or TPM3-ALK oncogenes. To
drive expression of the tetracycline-regulated transactivator (tTA) in the
lymphoid lineage, we chose the ESR enhancer/promoter, as has been
previously described.25,26 Here, we will show that double-transgenic
mice develop an ALK-positive B-cell lymphoproliferative disorder,
corresponding to an early B lymphoma/leukemia, after a short period of
latency. Suppression of ALK fusion protein expression by administra-
tion of doxycycline (Dox), or a specificALK inhibitor (PF-2341066), to
mice exhibiting florid disease led to a complete regression of ALK-
associated lesions. Our results suggest that NPM-ALK and TPM3-ALK
oncogenes are sufficient for tumor development and are required for
tumor maintenance, therefore placing ALK as an optimal therapeutic
target and further support the notion that, in mouse, ALK preferentially
malignantly transforms B cells.22,23
Methods
Generation of transgenic constructs and transgenic founder mice
The human NPM-ALK cDNA, from pBluescript2 SK plasmid, a generous gift
of Dr S. W. Morris (St Jude Children’s Research Hospital),1 was subcloned into
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HindIII- and NotI-restricted pBIL vector (Clontech). The human TPM3-ALK
cDNA, cloned in our laboratory,2 from the pcDNA3 plasmid,12 was subcloned
into the HindIII-restricted pBIL vector. DNA fragments (7267 base pair [bp] for
NPM-ALK construct and 7517 bp for TPM3-ALK construct) were isolated (Kit
QIAGEN), diluted at 5g/mL in Brinster buffer [Tris (tris(hydroxymethyl)ami-
nomethane) 10mM, pH 7.5; EDTA (ethylenediaminetetraacetic acid) 0.1mM],
microinjected into the pronuclei of FVB/N zygotes (R. Janvier Breeding Center),
and implanted into pseudopregnant foster mothers (Transgenesis facility,
IFR30). Screening of transgenic founder mice were performed by polymerase
chain reaction (PCR) genotyping with the following primers: NA forward,
5-AGAGGCAATGAATTACGAAGGCAGT-3,and NA reverse, 5-AGCAG-
TAGTTGGGGT TGTAGTCGGT-3, for NPM-ALK (287 bp) and TPM3
forward, 5-CTGGCAGAGTCCCGTTGCCGAG-3, and ALK reverse, 5-
GGCTCTGCAGCTCCAT-CTGCATGG-3, for TPM3-ALK (270 bp). Endog-
enous myogenin gene (Myo) was used as an internal control: Myo forward,
5-CCAAGTTGGTGTCAAAAGCC-3, and Myo reverse, 5-CTCTCTGCTT-
TAAGGAGTCAG-3 (170 bp).
Assessment of tetracycline-regulated NPM-ALK, TPM3-ALK,
and luciferase expression in vitro
After collagenase type I isolation (1 mg/mL in phosphate-buffered saline;
Sigma-Aldrich), ear fibroblasts isolated from founder mice were transfected
with the tTA-coding plasmid (Clontech). Transfections were performed
with or without Dox (Sigma-Aldrich) in the culture media (20 ng/mL), and
NPM-ALK or TPM3-ALK expression was analyzed by Western blotting
and luciferase expression, as previously described.17 Positive founder lines
were maintained by crossing with wild-type FVB/N mice.
Generation of double-transgenic mice
The NPM-ALK and TPM3-ALK heterozygous founder transgenic mice
were bred with ESR-tTA homozygous transgenic mice, provided by Dr
D. W. Felsher (Stanford University).26 PCR genotyping was performed with
the NPM-ALK or TPM3-ALK primers described in “Generation of
transgenic constructs and transgenic founder mice,” and the following tTA
gene primers: tTA forward, 5-AGGCCTGTACGGAAGTGT-3; tTA re-
verse, 5-CTCTGCACCTTGGTGATC-3. All transgenic mice were housed
under pathogen-free conditions at Toulouse, IFR150-IFR BMT (ex IFR30)
animal facility, as per animal protocols approved by Inserm.
Doxycycline administration
Dox was added in the drinking water (100g/mL) of pregnant females or
moribund double-transgenic animals. In addition, moribund animals were also
injected once intraperitoneally with 100L of Dox solution (100g/mL).
ALK inhibitor treatment Racemic
PF-2341066 (3-[1-(2,6-dichloro-3-fluoro-phenyl)-ethoxy]-5-(1-piperidin-4-
yl-1H-pyrazol-4-yl)-pyridin-2-ylamine) was synthesized according to the
method described in the patent international application WO 2006/021881.
Moribund double-transgenic mice were administered PF-2341066 in sterile
water by oral gavage daily for 10 days at 100 mg/kg/day.
Double-transgenic mouse monitoring
Mice were observed biweekly for early detection of disease symptoms.
When mice were moribund with palpable tumor burden, they were
humanely killed.
Bone marrow transplantation
Bone marrow cells were harvested from the femurs and tibias of double-
transgenic mice (maintained with Dox for 4 weeks after birth) and
littermate mice. Unfractionated bone marrow cells were treated with 0.15M
NH4Cl, 1mM KHCO3, and 0.1mM Na2EDTA to eliminate erythrocytes
before injection into the retro-orbital plexus of lethally -irradiated FVB/N
mice (8.5 Gy) or sublethally -irradiated nonobese diabetic/severe com-
bined immunodeficient (NOD/SCID) mice (1 Gy; 137Cs source). Recipient
mice irradiated 1 day before injections (5  106 bone marrow cells in
200 L of phosphate-buffered saline) were not treated with Dox and were
given antibiotic-containing water for 4 weeks after irradiation. All irradi-
ated mice were monitored closely over their life spans, and, at the first sign
of illness, they were killed. Peripheral blood, bone marrow, lymph
nodes, spleen, skin, lung, kidney, and liver were collected for cytopatho-
logic and histopathologic analyses, as described in “Histology and
immunohistochemistry.”
Western blotting
Western blotting was performed with the use of conventional techniques17
with monoclonal antibodies (mAbs) against ALK (ALKc; a gift from Dr B.
Falini, Institute of Hematology, University of Perugia; 1/20027), phosphoty-
rosine (clone 4G10; 1/1000; Upstate Biotechnology), and -actin (clone
AC-15; ascites fluid; 1/20 000; Sigma-Aldrich). NPM-ALK–positive Kar-
pas cell line was used as positive control.
Histology and immunohistochemistry
Sections from formalin-fixed and paraffin-embedded tissues were stained
with hematoxylin and eosin. Immunohistochemical analysis was performed
with several mAbs or polyclonal antibodies directed against B220/CD45R
(rat mAb; clone RA3-6B2; 1 /400), CD3 (rat mAb; clone CD3-12; 1/100),
and F4/80 (rat mAb; clone CI:A3-1; 1/100) purchased from AbD Serotec;
anti–CD138/Syndecan-1 (rat mAb; clone 281-2; 1/100; BD PharMingen),
anti–Pax-5 (goat polyclonal antibody; sc-1974; 1/50; Santa Cruz Biotech-
nologies), and rabbit anti-ALK mAb (clone SP8; 1/100; Lab Vision
Corporation). Antibody binding was detected with the streptavidin-biotin-
peroxidase complex method (Vector Laboratories). The heat antigen
retrieval procedure was used when necessary.
Confocal immunofluorescence microscopy
Sections were immunostained with a mouse monoclonal anti–human ALK
protein (Clone ALK1, 1/100; Dako) and processed as previously de-
scribed.28 Nuclei were stained with TO-PRO-3 iodide (1/1000; Molecular
Probe). Antibody binding was detected using a Leica DMR microscope
equipped with the DFC300FX camera and a 40/0.85 NA objective lens.
Image processing was performed using IM50 software from Leica.
Flow cytometry
Cells isolated from tumor tissues were incubated with 5 mg/mL Fc
receptors blocking antibody (anti–mouse CD16/32; clone 93; eBioscience)
and 3% of heat-inactivated mouse serum diluted in staining buffer. Cells
(1  106/well) were immunostained for 30 minutes at 4°C with mixtures of
cell-surface markers, including directly labeled fluorescein isothiocyanate
(FITC) anti-CD3 (clone 145-2C11; eBioscience), allophycocyanin–cyanin
5.5 (APL-Cy5.5) anti-CD19 (clone 6D5; eBioscience), phycoerythrin
(PE)–-Cy7 anti-CD23 (clone B3B4; eBioscience), PE-Cy7 anti-CD25
(clone PC61.5; eBioscience), FITC anti-CD43 (clone eBioR2/60; eBio-
science), biotin-conjugated anti–pre-B cell receptor (clone SL156; BD
PharMingen), and biotin-conjugated anti–immunoglobulin M (clone II,41;
eBioscience) for surface cytofluorimetric analysis. Biotin-conjugated anti-
bodies were shown by allophycocyanin streptavidin (BD PharMingen;
554067). Cells were fixed and permeabilized with the use of the BD
Cytofix/Cytoperm kit (554714) and stained with PE anti-ALK or isotype
control (BD PharMingen; 559257) or FITC anti– heavy chain (1021-02;
Southern Biotech) or FITC anti– light chain (BD PharMingen; 550003).
Cell phenotype was determined with the use of an LSRII flow cytometer,
followed by BD FACSDiva or WinMDI software analyses.
Apoptosis detection
Apoptosis was assessed by immunohistochemical analysis for caspase 3
(R&D Systems; AF835) and by fluorescence-activated cell sorting (FACS)
for annexin V–PE (BD Biosciences) and 7-amino-actinomycin D (7-AAD;
BD Biosciences) stainings, according to the manufacturer’s instructions,
and analyzed by LSRII flow cytometer and by BD FACSDiva software.
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Statistical analysis
Statistical significance of differences was determined with the Mann-
Whitney test. The minimal level of significance was a P value less than .05.
Overall survival was assessed with Kaplan-Meier curves. Statistical
comparison of Kaplan-Meier curves is based on the log-rank test. All
statistical analyses were performed with GraphPad Prism software (Graph-
Pad Software Inc).
Results
Generation of a conditional transgenic system for expression
of the NPM-ALK or TPM3-ALK oncogenes
To generate transgenic mice conditionally expressing the ALK
oncogenes (NPM-ALK or TPM3-ALK), we used the tetracycline
regulatory system (Tet system) in which the tTA protein mediates
the transcription of a transgene placed under the control of the
tetracycline-responsive promoter (Tet-O).29 In the Tet off version of
this system, the addition of tetracycline or Dox, an analog of
tetracycline, inhibits tTA action, promoting silencing of transgene
expression.
Our conditional transgenic mice were generated in 2 steps.
First, the human NPM-ALK and TPM3-ALK cDNAs were
inserted downstream of a Tet-regulated cytomegalovirus mini-
mal promoter into the pBIL vector,30 allowing the concomitant
expressions of ALK and firefly luciferase.17 This construct
(supplemental Figure 1A, available on the Blood Web site; see
the Supplemental Materials link at the top of the online article)
was introduced into the pronucleus of freshly fertilized FVB/N
mouse oocytes. The resulting NPM-ALK or TPM3-ALK trans-
genic mouse lines were designated pBIL-NA and pBIL-TA,
respectively. Three transgenic founder mice were obtained for
pBIL-NA (pBIL-NA-1; pBIL-NA-2, and pBIL-NA-3) and 2 for
pBIL-TA (pBIL-TA-1 and pBIL-TA-2) (supplemental Figure
1B). All transgenic lines developed into phenotypically normal
and fertile mice. To assess ALK oncogene and luciferase
expression, fibroblast primary cultures were generated from ear
biopsies from each founder line. Then, these cells were trans-
fected with a Tet-Off plasmid allowing tTA protein expression,
and, after 2 days in culture with or without Dox (20 ng/mL), we
observed that ALK oncogene and luciferase expression were
induced in pBIL-NA-1–, pBIL-NA-2–, and pBIL-TA-2–derived
cells (supplemental Figure 1C-D). NPM-ALK and TPM3-ALK
were not detected in tTA-untransfected fibroblasts (S.G. and
F.M., unpublished data, June 2006), showing a highly regulated
expression in our system. Next, the conditional and lymphoid
lineage-restricted activation of ALK transgene expression was
achieved by breeding pBIL-NA-1, pBIL-NA-2, and pBIL-TA-2
founder mice with “driver” mice expressing tTA protein under
the control of the ESR promotor/enhancer cassette to restrict
the expression of the ALK transgenes to B or T lympho-
cytes26,31,32 (Figure 1A).
Figure 1. Macroscopic analysis of ALK-expressing double-transgenic mice. (A) Schematic representation of the generation of double-transgenic mice conditional for the
expression of the ALK oncogene in the lymphoid lineage. Three heterozygous transgenic founder mice (pBIL-NA-1, pBIL-NA-2, and pBIL-TA-2) were crossed with homozygous
ESR tTA mice. Double-transgenic mice were designated as tTA/pBIL-NA-1, tTA/pBIL-NA-2, and tTA/pBIL-TA-2. According to the absence (ON) or presence (OFF) of Dox,
the tTA transactivator allows or not the expression of both ALK oncogene and luciferase genes. (B) The size of representative 4-week-old tTA/pBIL-TA-2 (TPM3-ALK) and
tTA/pBIL-NA (NPM-ALK) double-transgenic mice are shown in comparison with a control age- and sex-matched tTA littermate animal. Spleen and lymph node enlargements in
tTA/pBIL-TA-2 and tTA/pBIL-NA double-transgenic versus control tTA littermate mice are also shown. (C) Necropsy findings in tTA/pBIL-TA-2 and tTA/pBIL-NA
double-transgenic mice show (arrows) disseminated lymphadenopathies (LN indicates lymph node) and spleen enlargement associated with multiple skin lesions and
hypertrophy of the snout and paws (Cut Nodule indicates cutaneous nodules) in comparison with a control age- and sex-matched tTA littermate animal. (D) Survival curves
showing the reduced life time of tTA/pBIL-TA-2 (TA ON) and tTA/pBIL-NA (NA ON) double-transgenic mice compared with control tTA littermate mice and Dox-treated
tTA/pBIL-TA-2 (TA OFF) and tTA/pBIL-NA (NA OFF) double-transgenic mice.
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Embryonic expression of the ALK oncogene is lethal
When conditional transgenic mice gestations occurred in the absence of
Dox (No Dox), progeny number was consistently reduced (4	 1
newborns for the tTA/pBIL-NA-1 line, 6	 1 newborns for the tTA/
pBIL-NA-2 line, and 4.3	 2.5 newborns for the tTA/pBIL-TA-2 line in
comparison with 10	 2 newborns for normal wild-type FVB/N;
supplemental Table 1; S.G. and F.M., unpublished data, August 2006).
In addition, we failed to identify progeny that expressed both transgenes
(supplemental Table 1). Among animals born alive, no NPM-ALK– or
TPM3-ALK–positive animals were detected with the use of PCR
genotyping (supplemental Table 1). These results strongly suggested
that embryonic expression of the ALK oncogene is lethal. Preliminary
results suggest that ALK fusion protein is expressed very early during
embryogenesis (data not shown). To circumvent embryonic lethality,
pregnant females were given Dox in their drinking water to block
tTA protein and transgenes expression during gestation. Under these
conditions, normal progeny number was observed, and 50% of double-
transgenic mice (tTA/pBIL-NA or tTA/pBIL-TA) expressing ALK pro-
tein were obtained (supplemental Table 1). Such a frequency was
expected because the tTA parents were homozygous and pBIL-NA and
pBIL-TA were heterozygous.
Expression of NPM-ALK or TPM3-ALK in newborn mice
resulted in aggressive lymphoma/leukemia
Expression of the ALK oncogene was induced in newborn mice by
removing Dox from their drinking water. We observed that double-
transgenic animals were easily identified because they developed an
unexpected skin disease affecting the snout and paws, first detectable at
3 weeks of age (Figure 1B-C). These mice also exhibited general growth
retardation (Figure 1B; supplemental Figure 2A-B) and died within a
mean latency of 4 weeks (Figure 1D; P
 .001). Note, we did not
observe a significant difference in overall survival of NPM-ALK or
TPM3-ALK double-transgenic mice (Figure 1D; P .113).
At necropsy, we observed that mice exhibited multiple findings
consistent with lymphoid malignancy, including marked splenomegaly
(supplemental Figure 2C-D) and generalized lymphadenopathy (Figure
1B-C). Histopathologic studies showed that the architecture of lymph
nodes (Figure 2A-B; supplemental Figure 3A-B) and spleen (Figure
2C-D; supplemental Figure 3C-D) was obliterated by malignant lym-
phoid cells. The lymphoid neoplasia consisted of medium to large-sized
cells showing slightly irregular nuclei, with fine chromatin and small
nucleoli, and scanty cytoplasms (Figure 2B-D; supplemental Figure
3B-D). Cytologic examination of blood smear showed an increase in
circulating lymphocytes (supplemental Table 2), including large cells
displaying a clumped nuclear chromatin (Figure 2E; supplemental
Figure 3E), suggesting a leukemic dissemination of the disease. Large
cells also invaded the skin (Figure 2F; supplemental Figure 3F), kidney
(Figure 2G; supplemental Figure 3G), lung (Figure 2H; supplemental
Figure 3H), and liver (Figure 2I; supplemental Figure 3I). We conclude
that TPM3-ALK (Figure 2) and NPM-ALK (supplemental Figure 3)
induce the same aggressive lymphoma/leukemia. Of note, no significant
involvement was found in the thymus.
All transgenic mice also presented with skin nodules consisting
of a hyperplasia of the epidermis, suggesting a keratoacanthoma-
like lesion (Figure 2F; supplemental Figure 3F). A lymphomatous
infiltration was sometimes observed in the dermis below the
keratoacanthoma-like lesion (Figure 2F; supplemental Figure 3F).
Histopathologic examination showed that snout and paw abnormali-
ties were also because of keratoacanthoma-like lesions. Because all
founder lines of double-transgenic mice (tTA/pBIL-NA-1, tTA/
pBIL-NA-2, and tTA/pBIL-TA-2) developed the same hematopoi-
etic and cutaneous diseases, we decided to focus our investigations
only on one transgenic line for each oncogene. Those lines are now
referred to as tTA/pBIL-NA and tTA/pBIL-TA.
NPM-ALK and TPM3-ALK are expressed in tumors
Immunohistochemistry with anti-ALK antibody performed on
spleen (Figure 3B-C) and lymph node (Figure 3E-F) tissue sections
from 10 diseased double-transgenic mice showed a heterogeneous
staining of lymphoma cells. Some cells from tTA/pBIL-NA
transgenic mice exhibited a strong cytoplasmic, nuclear, and
nucleolar staining. A significant proportion of the remaining cells
displayed a weak positivity (Figure 3C,F,I). Confocal microscopy
highlighted weakly positive cells, and the subcellular distribution
of NPM-ALK protein (Figure 3L,O). As observed in TPM3-ALK–
positive human tumors, lymphoma cells from tTA/pBIL-TA showed
a restricted cytoplasmic staining (Figure 3B,K). In lymph nodes,
scattered lymphoma cells were also observed in lymphatic sinuses
(Figure 3E-F). As expected, abnormal lymphoid cells in peripheral
blood were positive for ALK (Figure 3H,I). The heterogeneity of
lymphoma cells regarding the level of ALK expression was further
confirmed by FACS analysis. Indeed, an overlay representation of
ALK and isotype control intracellular staining showed that lym-
phoma cells isolated from lymph nodes expressed the ALK
oncogene (right shift), in a continuum from weak to strong
expression (Figure 3N), a feature also seen on confocal microscopy
(Figure 3O). Immunoblotting of protein extracts from pathologic
lymph nodes and spleen confirmed the expression of the 75-kDa
NPM-ALK and 103-kDa TPM3-ALK fusion proteins as well as
their tyrosine phosphorylation (Figure 3M). As expected, ALK
oncogene was not expressed in age-matched littermate controls
(tTA) and pBIL-NA and pBIL-TA single-transgenic mice (Figure
Figure 2. Histologic and cytologic analysis of TPM3-ALK–positive lymphoma and
leukemic cells in blood from tTA/pBIL-TA double-transgenic mice. Hematoxylin and
eosin staining on tissue sections from lymph node, spleen, kidney, lung, liver, and skin. The
lymph node architecture is obliterated by abnormal lymphoid cells showing slightly irregular
nuclei and scanty cytoplasms (A, original magnification 50; B, original magnification
1000). In the spleen, lymphoma cells are predominantly localized in the white pulp and
show comparable morphologic features as seen in the lymph nodes. Note scattered
megakaryocytes (arrow) (C, original magnification 50; D, original magnification 640).
Wright-Giemsa–stained smear of peripheral blood showing presence of circulating abnor-
mal lymphoid cells (E right, original magnification1000) compared with normal circulating
lymphoid cells from control age-matched tTA littermate mice (E left, original magnification
1000). All animals presented with skin nodules consisting of a hyperplasia of the
epidermis, suggesting a keratoacanthoma-like lesion (F right, original magnification50) in
comparison with normal skin from control age-matched tTA littermate mice (F left, original
magnification50). (F right)As shown, a lymphomatous infiltration (arrow) was sometimes
observed in the dermis below the keratoacanthoma-like lesion. Infiltration of various
intensity was also found in kidney (G, original magnification400; arrow), lung (H, original
magnification100; arrow), and liver (I, original magnification400; arrow).
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3M). Of note, the keratoacanthoma-like lesions of the skin were
also strongly positive for ALK. In the thymus, only epithelial cells
of the Hassall corpuscles were found to be positive for ALK
protein. We conclude that conditional NPM-ALK and TPM3-ALK
transgenic mice developed hematopoietic and cutaneous diseases
exhibiting robust transgene expression.
NPM-ALK– and TPM3-ALK–induced lymphoma/leukemia are
derived from B cells
We further characterized the phenotype of the lymphoma/leukemia.
We found that the lymphomas induced by TMP3-ALK or NPM-
ALK showed a massive expansion of CD45R/B220 and Pax5-
positive large cells (B-cell markers) associated with residual
normal CD3 T cells (Figure 4D-I). Lymphoma cells were nega-
tive for the plasma cell–associated marker CD138 and the macro-
phage marker F4/80 (S.G. and F.M., unpublished data, June 2007).
Flow cytometric analysis with either CD19 or CD3 antibodies
showed that the lymphoid population of pathologic lymph nodes
consisted of 60% B cells and 28% T cells, whereas tTA normal
lymph nodes displayed 75% T cells and 12% B cells (Figure 5A).
To evaluate if the tumors were derived from B cells, tumor cells
were stained for CD19, CD3, and ALK.33 We found a population of
Figure 3. ALK oncogene expression in spleen, lymph node, and blood of TPM3-ALK and NPM-ALK double-transgenic mice. Immunohistochemical analysis of spleen
(A-C, original magnification 1000), lymph node (D, original magnification 640; E-F, original magnification 1000), blood lymphoid cells (G-I, original magnification 1000)
from control age-matched tTA (A,D,G), TPM3-ALK ON (tTA/pBIL-TA) (B,E,H), and NPM-ALK ON (tTA/pBIL-NA) (C,F,I) double-transgenic mice. Sections were stained with the
rabbit anti-ALK antibody, and nuclei were counterstained with hematoxylin. NPM-ALK–positive tumor cells show a cytoplasmic and nuclear and nucleolar staining (C,F,I) in
comparison with TPM3-ALK–positive tumor cells, which harbored a cytoplasmic and membrane staining (B,E,H). The staining intensity varies from cell to cell. Scattered
ALK-positive lymphoma cells are observed in lymphatic sinuses (E-F). Confocal microscopy analysis shows the restricted cytoplasmic staining in TPM3-ALK (K) and the
cytoplasmic and nucleolar staining in NPM-ALK (L) double-transgenic mice. Sections were stained with the mouse anti-ALK antibody, and nuclei were counterstained with
TO-PRO-3 iodide. (M) Western blotting analysis of TPM3-ALK and NPM-ALK expressions. Protein lysates (100 g) extracted from lymph nodes (LN) and spleens (S) of
tTA/pBIL-TA and tTA/pBIL-NA double-transgenic mice; tTA, pBIL-TA, and pBIL-NA control transgenic mice; and positive control Karpas cell line overexpressing NPM-ALK (lane
C) were subjected to Western blotting analysis with anti-ALKc, antiphosphotyrosine, and anti–-actin antibodies. (N) Flow cytometric analysis of ALK expression in lymph
node cells from NPM-ALK double-transgenic mice. The histograms show ALK expression (red line) and isotype control (black line). Confocal microscopy (O) of lymphoma cells
shows the heterogeneity of ALK expression as seen with flow cytometric analysis.
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CD19 lymphoma cells positive for ALK (16% for TPM3-ALK
and 15% for NPM-ALK cells, respectively; red plotted; Figure
5B-C), in agreement with results of ALK immunohistochemical
staining (Figure 3). Taken together, these data showed that the
NPM-ALK and TPM3-ALK double-transgenic mice developed the
same ALK-positive B-cell lymphomas.
NPM-ALK– and TPM3-ALK–positive B-cell lymphoma
development is independent of skin disease and can be
induced by adoptive transfer into normal mice
Because conditional NPM-ALK and TPM3-ALK transgenic mice
developed hematopoietic and cutaneous diseases exhibiting robust
transgene expression, we investigated whether lymphoma develop-
ment was autonomous to the hematopoietic system and not
dependent on the skin disease. Bone marrow transplantation was
performed with cells from (1) wild-type donor mice (n  3) and
(2) double-transgenic donor mice, maintained with Dox for
4 weeks after birth, into irradiated pure-bred recipient FVB/N
(n  10) or NOD/SCID (n  3) mice. By 17 to 20 weeks after
transplantation, 100% of the recipient FVB/N and NOD/SCID
mice exhibited ALK-positive large cells in spleen and lymph nodes
without skin lesions (supplemental Figures 5-6). Lymphoma cells
positive for ALK were also observed in blood (data not shown) and
bone marrow smears (supplemental Figure 6G-H). In addition,
macroscopic examination of one NOD/SCID mouse showed a
large mesenteric tumor mass (supplemental Figure 6D-F). His-
topathologic examination of this mass showed that the architecture
of lymph nodes was obliterated by sheets of ALK-positive B cells,
confirming that the ALK-positive lymphoma cells were transplant-
able and able to grow independently of skin lesions.
NPM-ALK– and TPM3-ALK–induced B-cell lymphoma/leukemia
are blocked at an early B-cell stage
Several markers were used to precisely identify the B-cell differen-
tiation stage of the ALK/CD19-positive lymphoma cells. Accord-
ing to the Melchers-Rolinks classification,34 ALK/CD19 cells
(Figure 5C plotted in red) corresponded to pro-B/pre-B-1 cells
because they were positive for CD19 and CD43 (92.17% 	 2.92%;
Figure 5D) and a small proportion (20.70% 	 5.60%) also were
positive for cytoplasmic  heavy chain (Figure 5E). These cells
were negative for serum immunoglobulin M,  light chain,
pre-B cell receptor, CD23, and CD25 (Figure 5F-H). Altogether,
these results suggested that the ALK oncogene began to be
expressed in pro-B cells but block the differentiation at the early
pre-B cell stage. Similar results were obtained with ALK/CD19
lymphoma cells from tTA/pBIL-NA transgenic mice: CD43
(93.57% 	 2.29%) and  heavy chain (17.33% 	 5.27%; data
not shown).
ALK oncogene inactivation is sufficient to induce tumor
regression
To determine whether the suppression of ALK transgene expression
is sufficient to cause regression of lymphadenopathies, spleno-
megaly, and skin lesions, transgenic mice that were moribund with
tumors were treated with Dox for 12 days to suppress ALK
expression. Within a few days of treatment, the mice became more
physically active, gained weight, and exhibited a major clearing of
skin lesions and the regrowth of hair within 3 weeks (Figure 6A-B;
supplemental Figure 4A-B). In addition, Dox administration re-
sulted in the reduction in abdominal girth, and lymph nodes and
spleen returned to their normal sizes (Figure 6G,H; supplemental
Figure 4G,H). Twelve days after the initiation of Dox treatment,
10 mice were killed (10 regressed tTA/pBIL-NA and tTA/
Figure 4. ALK oncogene double-transgenic mice develop B-cell lymphoma.
Comparison of immunohistochemical stainings of lymph nodes from tTA control
littermate (A-C), TPM3-ALK (ON; D-F), and NPM-ALK (ON; G-I) double transgenic
mice. Serial sections show a massive involvement by lymphoma cells of B phenotype
positive for B220 (D,G) and Pax5 (E,H). Negative areas () correspond to residual T
cells positive for CD3 (F,I; original magnification40).
Figure 5. Flow cytometric analysis of the B-cell differen-
tiation stage in TPM3-ALK double-transgenic mice. Rep-
resentative dot plots of flow cytometric analysis of lymph
node cells prepared from 4-week-old control tTA littermate
and TPM3-ALK (tTA/pBIL-TA) double-transgenic mice. CD19
versus CD3 profiles of live gated lymphocytes are shown (A).
ALK or isotype control (Iso Cont) versus membrane CD19
FACS profiles are shown (B-C). Lymph node cells were
labeled with anti-CD19 and with anti-ALK antibodies and
with anti-CD43 (D), anti-heavy chain (E), anti-immunoglobu-
lin M (IgM; F), anti–pre-B cell receptor (BCR; G), and CD25
(H) antibodies. ALK-positive cells are plotted in red (C-H).
Vertical and horizontal cursors were set so that  99% of
events in control unstained samples were in the bottom left
quadrants. The numbers indicate the median percentage of
cells with SD in a quadrant, relative to the plots of tTA and
tTA/pBIL-TAtransgenic mice.
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pBIL-TA; ie ALK-OFF), and tumor regression and disappearance
of lymphoma cells were confirmed by histopathologic and immuno-
phenotypic analyses of the tumor tissues (mesenteric and axillary
lymph nodes, spleen, liver, kidney, lung, skin, and blood) after
treatment. All these organs now were found to have normal
architecture, and no ALK-positive cells were detected (Figures
6C-F,I,J and 7; supplemental Figures 4C-F,I,J and 7). In the skin,
we observed a regression of keratoacanthoma-like lesions associ-
ated with an exfoliation (Figure 6C-D; supplemental Figure 4C-D)
of apoptotic ALK-positive cells (Figure 6F). We then checked that
tumor regression occurred as a result of Dox-induced ALK
oncogene mRNA (data not shown) and protein expression (Figure
6K; supplemental Figure 4K) down-regulation. Thus, ALK inacti-
vation for 12 days appeared sufficient to lead to tumor cell
eradication from lymph node, spleen, blood, skin, and other organs.
We conclude that in conditional NPM-ALK and TPM3-ALK
transgenic mice the inactivation of ALK is sufficient to reverse
tumorigenesis.
To determine whether ALK suppression exerted any effect on
the viability of lymphoma cells, TPM3-ALK (supplemental
Figure 8) and NPM-ALK (data not shown) double-transgenic
mice were treated for 3 and 15 hours with Dox. After this time,
B- and T-cell populations from lymph nodes were analyzed
by immunohistochemistry with caspase 3 and FACS annexin
V/7-AAD staining (supplemental Figure 8). We found an
increase in the percentage of dead CD19 B cells (ie, lymphoma
cells) during Dox treatment (from 14% in the first 3 hours to
22% at 15 hours; supplemental Figure 8). We also found a
correlation between the percentage of caspase 3 and annexin
V/7-AAD–positive cells, indicating that apoptosis was involved
in dying cells. Beyond 15 hours of Dox treatment, the percent-
age of apoptotic cells decreased close to the value observed in
untreated animals.
To further confirm that the tumor regression was related to the loss of
ALK oncogene functional activity, we examined the affects of the
treatment of NPM-ALK transgenic mice with a novel ALK phosphory-
lation inhibitor PF-2341066.35 Seven moribund transgenic mice were
treated for 10 days with this compound. We observed a progressive
clearing of skin lesions together with an improvement of the general
health status of treated mice compared with untreated controls. Nec-
ropsy findings showed tumor regression, confirmed by histopathologic
examination, as after Dox treatment (supplemental Figures 7,9). Of
note, the lymphoma regression after PF-2341066 treatment was not due
to the inhibition of c-met phosphorylation (another target of this
inhibitor)35 because lymphoma cells in our model are negative for this
receptor (date not shown). Hence, we conclude that this inhibitor of
ALK is sufficient to induce reversal of tumorigenesis in our ALK
conditional transgenic tumor model.
Discussion
Our results suggest that ALK-induced tumorigenesis can be
reversed through the inactivation of ALK. They have important
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Figure 6. Lymphoma and cutaneous disease regression on ALK oncogene inactivation in TPM3-ALK mice. Clinical examination and autopsy findings show that all
animals with fully developed disease (TPM3-ALK ON; n10) presented with disseminated lymphoma with lymph node and spleen enlargement and skin nodules mostly related
to keratoacanthoma-like lesions involving the skin, snout, and paws (TPM3-ALK ON: A,C,E,G,I). Ten additional moribund mice were treated with Dox in drinking water
(100 g/mL) and 1 intraperitoneal injection of 100 L of Dox solution (100 g/mL; TPM3-ALK OFF; B,D,F,H,J). Compared with the ON mice, the OFF mice exhibited, after
12 days of Dox treatment, a major clearing of the skin lesions (A,C vs B,D) associated with the regrowth of hair within 3 weeks, a regression of spleen and lymph node
enlargement (G vs H), and an ALK oncogene expression down-regulation as assessed by anti-ALK immunostaining (E,I vs F,J) and Western blotting analysis (K lane ON vs
OFF). Note, in panel K, a vertical line has been inserted to indicate a repositioned gel lane. In panel F, apoptotic ALK-positive cells admixed with exfoliated material (arrow).
Original magnifications50 (C-F) and640 (I-J).
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implications for the understanding of the role of ALK in the
initiation and maintenance of tumorigenesis. We have developed a
mouse model that will be useful for dissecting the contribution of
pathologic activation of ALK to the pathogenesis of lymphoma/
leukemia. Pathologic activation of ALK is well known to be
associated with 2 major types of non-Hodgkin lymphomas, namely
systemic anaplastic large cell lymphoma, T/Null and rare cases of
diffuse large B-cell lymphomas with immunoblastic/plasmablastic
features.1,5,6 Most systemic T/Null anaplastic large cell lymphomas
expressed NPM-ALK or TPM3-ALK, whereas ALK-positive dif-
fuse large B-cell lymphomas are mostly associated with Clathrin-
ALK and more rarely with NPM-ALK fusion protein.8,9,11 How-
ever ALK tyrosine kinase is also involved in some nonhematopoietic
neoplasia such as inflammatory myofibroblastic tumors (TPM3-
ALK) as well as in some (
 5%) non–small cell lung tumors in
which ALK protein is fused to EML4, the echinoderm microtubule-
associated protein-like 4.6,36,37 Our conditional transgenic model
appears to recapitulate only some of the features of human
ALK-positive lymphoma because lymphoma cells are of pro-B/
pre-B phenotype (negative for CD138) and not of terminal B-cell
stage of differentiation as seen in human ALK-positive B-cell
lymphomas that are positive for CD138 antigen.8,9,11
Our results are consistent with previous reports that ALK
activation can result in tumorigenesis in transgenic mouse models.
The first description of a murine model to investigate the oncogenic
events mediated by NPM-ALK was reported by Kuefer et al,18 who
used a retrovirus-mediated gene transfer strategy. After this report,
several transgenic lines were generated in which the full-length
NPM-ALK cDNA was placed under the control of various
promoters such as CD4,20 vav,38 Lck,21 or CD2.39 Whatever the
promoter used, transgenic mice developed mostly B-cell tumors,
some with plasma cell differentiation,19,20,38 and only a few T-cell
lymphomas (mostly lymphoblastic lymphoma) have been re-
ported.20,21 As suggested by Chiarle et al,20 the high incidence of
B-cell tumors in NPM-ALK transgenic mice could be due to the
forced expression of ALK oncogene. Our results are in agreement
with those previously reported because NPM-ALK and TPM3-
ALK transgenic mice developed lymphoma/leukemia of B-cell
phenotype, further stressing the fact that in mouse, the ALK
oncogene preferentially transforms the B-cell lineage. However,
our results suggest that ALK oncogene overexpression could block
B-cell differentiation at early B stage, even if the E enhancer was
previously described to be active throughout the entire B-lymphoid
compartment, as reported in E-myc and E-BrD2 transgenic
mice.40-42
An important unique feature of our model system is that we
have generated a transgenic mouse model in which ALK is
conditionally expressed with the Tet-off system. We demonstrated
that transgenic mice conditionally expressing the NPM-ALK or
TPM3-ALK oncoprotein with tyrosine kinase activity developed a
lethal lymphoproliferative disorder of early B-cell origin associated
with skin lesions resembling keratoacanthoma. Of note, compa-
rable skin lesions were previously described by a group using the
same ESR enhancer/promoter to drive Tax transactivator pro-
tein overexpression. This is probably due to the high level of tTA
expression in skin as reported in tTA/tax mice.43 The results
obtained in bone marrow transplantation experiments in FVB/N
and NOD/SCID mice clearly showed that the lymphoma develop-
ment was autonomous to the hematopoietic system and not
dependent on the skin disease. The development of a lymphoid
proliferation could be anticipated because, using our strategy, the
hematopoietic lineage expression is controlled by the ESR
enhancer/promoter sequence,25,26,40,42 that drives the expression of
the tTA protein. By crossing ESR-tTA homozygous transgenic
mice with Tet-O-NPM-ALK or Tet-O-TPM3-ALK transgenic
mice, we consistently obtained double-transgenic mice developing
the same early B-cell tumor phenotype. Our results show for the
first time, in an animal model, that activation of either NPM-ALK
or TPM3-ALK oncogenic tyrosine kinases exhibit equal tumori-
genic potential. In addition, our findings are consistent with
previous reports showing that ALK fusion proteins can form
homodimers (or oligomers) with dimerization sites at the N-
terminus of ALK fusion protein, a mechanism which mimics ligand
binding and is responsible for the activation of the catalytic domain
Figure 7. Histopathologic changes of lymph nodes after ALK inactivation by Dox treatment in lymph nodes of TMP3-ALK mice. The architecture of lymph node from
mice with fully developed disease (day 0; A-D) is obliterated by lymphoma cells strongly positive for B220 (B). Negative area corresponds to residual T cells as seen in panel C.
Lymphoma cells are positive for ALK (D). After Dox treatment (days 2-10: E-P), the lymph node progressively recovers its normal immunoarchitecture together with the
decrease of ALK-positive lymphoma cells (H,L,P) and increase in normal B and T cells (M-O). Lymph node from tTA transgenic mice was used as a normal control (Q-T).
Original magnification50 (A-C),40 (E-G,I-K,M-O,Q-S), and640 (D,H,L,P,T).
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through the autophosphorylation of the tyrosine kinase domain of
ALK.6,13 Our observation of the very short tumor latency suggests
that ALK activation alone is sufficient to result in the transforma-
tion of early B cells. Moreover, our observation that the inactiva-
tion of a conditional ALK transgene by Dox administration leads to
the rapid, complete, and stable tumor regression suggests that ALK
alone is required for tumor maintenance.
Our results are the first demonstration that ALK-induced
tumorigenesis is reversible, even at a very advanced stage of the
disease. The sustained regression on ALK oncogene inactivation
suggests that malignant ALK-positive cells depend on the
continued activation of ALK oncogene, a finding in agreement
with the concept of “oncogene addiction” that was proposed.44-46
Indeed, it is unlikely that the ALK oncogene promotes the
emergence of additional genetic lesions that could compensate
for ALK inactivation in the maintenance of the tumor pheno-
type. Our findings are in agreement to what has been reported in
human anaplastic large cell lymphoma because, except for rare
studies,47,48 neither NPM-ALK nor other ALK fusion oncogenes
have been described to induce genomic instability both in
human cancers and in animal models. The striking loss of lymph
node and spleen enlargement under Dox treatment raises the
question of the underlying mechanism(s) responsible for the
disappearance of ALK-positive lymphoma cells.
The relatively low percentage of apoptotic lymphoma cells in
lymph nodes of animals treated for 15 hours together with the rapid
recovery of the normal lymph node immunoarchitecture lead us to
speculate that after the switch-off of ALK oncogene, a significant
proportion of lymphoma cells can take a normal B-cell differentia-
tion process again. Such a hypothesis is in agreement with what has
been previously described by Felsher and Bishop26 in mice
overexpressing the myc oncogene. Similarly, the associated resolu-
tion of the ALK-induced keratoacanthoma-like lesions on ALK
inactivation appears to be secondary to the exfoliation of apoptotic
ALK-positive cells and regrowth of hair. Interestingly, preliminary
results that we observed with the specific ALK inhibitor (PF-
2341066)35 are comparable with those obtained with Dox treat-
ment. Thus, our results generally support the notion that oncogene
inactivation can result in sustained tumor regression.24 They also
strongly suggest that NPM-ALK or TPM3-ALK tyrosine kinases
are therapeutic targets comparable with Bcr-Abl in chronic myeloid
leukemia and that ALK-specific inhibitors16,35,49 would give thera-
peutic effects comparable with imatinib mesylate (STI571) that
targets the Bcr-Abl oncogene in chronic myeloid leukemia.50 It is
now important to determine whether the targeted inactivation of the
ALK tyrosine kinase oncogene would be sufficient to induce tumor
regression in human neoplasia.
In conclusion, we have developed a conditional transgenic
mouse model that mimics some of the features of human ALK-
positive non-Hodgkin lymphomas. Our model offers a new tool to
investigate in vivo the molecular mechanisms involved in the
initiation and maintenance of ALK-associated lymphoproliferative
disorders. Moreover, we have shown that our model can be used to
preclinically test protein tyrosine kinase inhibitors, potentially
useful for patients with ALK-associated tumors.
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The anaplastic lymphoma kinase (ALK), tyrosine kinase
oncogene is implicated in a wide variety of cancers. In this
study we used conditional onco-ALK (NPM-ALK and TPM3-
ALK) mouse MEF cell lines (ALKþ fibroblasts) and transgenic
models (ALKþ B-lymphoma) to investigate the involvement
and regulation of angiogenesis in ALK tumor development.
First, we observed that ALK expression leads to downregula-
tion of miR-16 and increased Vascular Endothelial Growth
Factor (VEGF) levels. Second, we found that modification of
miR-16 levels in TPM3-ALK MEF cells greatly affected VEGF
levels. Third, we demonstrated that miR-16 directly interacts
with VEGF mRNA at the 30-untranslated region and that the
regulation of VEGF by miR-16 occurs at the translational level.
Fourth, we showed that expression of both the ALK oncogene
and hypoxia-induced factor 1a (HIF1a) is a prerequisite for miR-
16 downregulation. Fifth, in vivo, miR-16 gain resulted in
reduced angiogenesis and tumor growth. Finally, we high-
lighted an inverse correlation between the levels of miR-16 and
VEGF in human NPM-ALKþ Anaplastic Large Cell Lymphomas
(ALCL). Altogether, our results demonstrate, for the first time,
the involvement of angiogenesis in ALKþ ALCL and strongly
suggest an important role for hypoxia-miR-16 in regulating
VEGF translation.
Leukemia (2011) 25, 1882–1890; doi:10.1038/leu.2011.168;
published online 22 July 2011
Keywords: onco-ALK; lymphomas; microRNA; VEGF
Introduction
The role of Vascular Endothelial Growth Factor (VEGF) in solid
tumor pathologies has been extensively investigated and
evidence has recently emerged that it may also have a role in
hematological malignancies.1,2 VEGF expression by neoplastic
cells has been demonstrated in non-Hodgkin lymphomas and
has been correlated with tumor progression and poor survival
rates.3 VEGF promotes the formation of new blood vessels by
stimulating endothelial cell division and migration; this
neo-vascular network allows tumor growth and metastasis.4
Regulation of VEGF occurs at multiple levels, including transcrip-
tion, mRNA stabilization and splicing, and translation.5,6
MicroRNAs (miRNAs) are 20–25-nucleotide-long non-coding
RNAs that act as negative regulators of gene expression. They
bind to a specific sequence of mRNA, usually located in the
30-UTR (untranslated region). This interaction can lead either to
targeted mRNA cleavage or to repression of mRNA translation,
in both cases resulting in reduced levels of the encoded
protein.7 miRNAs are important in the regulation of cellular
differentiation, proliferation and apoptosis.8 Some miRNAs are
considered to be oncogenes or tumor suppressors and are
aberrantly expressed in tumors including hematological malig-
nancies.9,10 Aberrant expression of miRNAs can arise via a
number of different mechanisms, such as genomic abnormalities
or epigenetic modifications.9–11 Recently, several miRNAs have
been found to regulate angiogenic processes.12 Notably,
miR-15a and miR-16-1 have an important role via regulation
of VEGF expression.13 miR-16, is downregulated by hypoxia,14
supporting the notion that a hypoxia-induced reduction of
miR-16 levels contributes to an increase in VEGF expression.
Anaplastic lymphoma kinase (ALK) fusion proteins (onco-
ALK) have been detected in several human malignancies,
including Anaplastic Large Cell Lymphomas (ALCL),15 diffuse
large B-cell lymphomas16,17 and a wide variety of solid cancers,
such as inflammatory myofibroblastic tumors18 and non-small
cell lung cancers.19 The mechanisms of malignant cell
transformation mediated by oncogenic ALK tyrosine kinase
expression are not clearly understood. Recently, Marzec et al.
reported that ALK-positive (ALKþ ) ALCL strongly express
hypoxia-induced factor 1a (HIF1a) mRNA, even under nor-
moxic conditions. They found that inhibition of HIF1a expres-
sion markedly suppressed cell growth and proliferation and
decreased VEGF synthesis in ALCL cell line.20 As lymphoma
tissues are predominantly under hypoxic conditions, it is
possible that HIF1a has an important role in the pathogenesis
of ALKþALCL.
Compared with ALK-negative (ALK) ALCL, ALKþ ALCL
have a better prognosis when undergoing CHOP-based chemo-
therapy,21,22 however, ALKþ ALCL relapses after chemotherapy
are very invasive and have a worse prognosis.23,24 We recently
developed conditional mouse models for NPM- and TPM3-ALK-
induced lymphomagenesis using the tetracycline system.25 In
these models, ALK oncogenes induce B lymphoma formation
associated with a robust angiogenesis. Although these models do
not truly reproduce the human disease, they represent a powerful
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tool to investigate the molecular mechanisms involved in ALK-
associated disorders.
Until now, the role of VEGF in ALCL development and post-
treatment relapse has not been studied. Here, we used onco-
ALK (NPM-ALK and TPM3-ALK) mouse conditional MEF cell
line (ALKþ fibroblasts),25 as well as transgenic models (ALKþ
B-lymphoma),26 to both determine whether ALK oncogenes
regulate VEGF levels and tumor angiogenesis and investigate the
mechanisms involved.
Materials and methods
Conditional murine models
Generation of conditional transgenic mice and MEF Tet-OFF
cells (Clontech, Saint Quentin Yvelines, France) for expression
of NPM-ALK or TPM3-ALK oncogenes was described by
Giuriato et al.25,26 The tetracycline regulatory system was used
to control the transgene transcription. The addition of doxycy-
cline (an analog of tetracycline) allowed silencing of onco-ALK
expression (OFF condition, ALK–), whereas doxycycline
removal permitted onco-ALK expression (ON condition,
ALKþ ). Lymph nodes from ALKþ , ALK and healthy mice,
that is, normal littermate transgenic mice were used for RNA
and DNA extractions.
Tumor and normal samples
The study was carried out in accordance with the institutional
review board-approved protocols and the procedures followed
were in accordance with the Helsinki Declaration of 1975, as
revised in 2000. The diagnosis of ALCL was based on
morphologic and immunophenotypic criteria as described in
the last WHO classification.27,28 The percentage of malignant
cells was assessed by ALK1 or CD30 staining and was greater
than 80% for all selected cases. Frozen tumor samples from 20
ALKþ ALCL, 6 ALK ALCL, and 5 reactive lymph nodes were
retrieved from the tumor bank from Toulouse CHU and used for
RNA and DNA extractions. A total of 100cases with available
paraffin blocks, of which 86 cases were positive for the ALK
protein, were used to prepare tissue microarrays. Sera from
ALCL patients (ALKþ : n¼ 17 and ALK: n¼ 16) and five
healthy donors were used to perform VEGF ELISA.
RNA preparation
Total RNA was prepared using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s protocol.
The concentration of RNA was quantified using a NanoDrop
Spectrophotometer (Nanodrop Technologies, Wilmington, DE,
USA). RNA integrity was evaluated using an Agilent 2100
BioAnalyzer (Agilent Technologies, Palo Alto, CA, USA). RNAs
with an RNA integrity number 47.5 were used for miRNA and
mRNA quantifications.
Real-time RT-PCR assays
All qPCR were performed using an ABI 7300 Real-Time
instrument (Applied Biosystems, Foster, CA, USA). TaqMan
miRNA assays (Applied Biosystems, CA, USA) were used to
measure miR-15a and miR-16 expression following manufac-
turer’s instructions. RNU24 for human and SnoRNA202 for mice
served as internal controls.
Expression of S14, HIF1a and VEGF genes were estimated by
qPCR using a primer pair designed as follows: for human or
mouse VEGF, the forward primer was 50-CGAGATAGAGTA
CATCTTCAAGC-30 and the reverse primer was 50-TTGATCCG
CATGATCTGCATGG-30. For human HIF1a, the forward primer
was 50-CATAAAGTCTGCAACATGGAAGGT-30 and the reverse
primer was 50-ATTTGATGGGTGAGGAATGGGTT-30. Human
or mouse S14 was used as reference or housekeeping gene; the
forward primer 50-ATCAAACTCCGGGCCACAGGA-30 and
the reverse primer was 50-CTGCTGTCAGAGGGGATGGGG-30
for human and the forward primer was 50-GGTGGCTGAGG
GAGAGAATG-30 and the reverse primer was 50-CTCGGCA
GATGGGTTTCCTTG-30 for mouse. cDNA was synthesized from
total RNA using M-MLV reverse transcriptase (Promega,
Madison, WI, USA). qPCR was performed using SYBR green
real-time PCR master mix (Eurogentec, Angers, France). The PCR
mixture (25 ml) consisted of 12.5 ml master mixture, 0.75 ml for
each PCR primer at 10mM, 5 ml diluted cDNA and 6ml DNase
and RNase free water. qPCR was done using 40 cycles of 15 s at
90 1C and 1 min at 60 1C.
Relative fold changes of miRNA and target transcript
expression were calculated by the DDCT method and the values
were expressed as 2(DDCT). Detected target transcripts were
normalized to the endogenous housekeeping gene S14.
miRNA northern blotting
Northern blots were performed using 10 mg of total RNA on
denaturing PAGE. After blotting on Amersham Hybond-Nþ ,
miR oligonucleotides complementary to miR-15a and miR-16
50-end-labeled using T4 polynucleotide kinase and g-32P ATP,
were used as a probe.
miRNA transient transfections and target validations
MEF-TPM3-ALK cells25 were transfected with 50 nM of pre-miR-
15a (miR-15a) or pre-miR-16 (miR-16) (Ambion, Applied
Biosystems, Austin, TX, USA), negative control miRNA (pre-
miR control no. 1 or scramble; Ambion, Applied Biosystems),
locked nucleic acid (LNA) (50-CGCCAATATTTACGTGCTGCTA-
30) (LNA-16) (Sigma-Aldrich Chimie, Saint-Quentin Fallavier,
France) or anti-miR-16 (Ambion, Applied Biosystems), using
MEF transfection reagent (Altogen, Las Vegas, NV, USA)
following the manufacturer’s protocol. The expression of miR-
16 was detected by RT-qPCR 48 h after transfection.
MEF-TPM3-ALK cells were transfected with 20 ng of pRLCMV-
VEGF 30-UTR wild-type (pRL-VEGF 30-UTR)29 and 250ng of
pCMV-b-Gal control vector serving as transfection control in a 12-
well plate. For the co-transfection of miR-16, LNA-16, anti-miR-16
or scrambled miRNA was added with the reporter vectors, 50 nM
of each miRNA or 50 nM of each inhibitor or control was
transfected using Lipofectamine 2000 (Invitrogen, Cergy Pontoise,
France). Cell lysate was collected and assayed 48h after
transfection. Renilla luciferase (LucR) activities were measured
with a luminometer (Centro LB960, Berthold, Berthold Technol-
ogies, Thoiry, France) using the Luciferase Reporter Assay
(Promega) and galactosidase activity was measured using the
b-galactosidase enzyme assay system (Promega) according to the
manufacturer’s instructions. The results are expressed as relative
luciferase activity/galactosidase activity.
All transfections and measurements were performed in
triplicate and repeated at least three times.
VEGF ELISA
In all 96-well plates coated with anti-mouse or -human VEGF
monoclonal antibody (Calbiochem, Merck KGaA, Darmstadt,
Germany) were used to measure VEGF secretion following the
manufacturer’s guidelines. Absorbance was measured at 450 nm
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with a wavelength correction at 570 nm. Each experiment was
performed in triplicate and repeated three times.
VEGF and HIF1a immunohistochemistry
Sections (5mM) were cut from each tissue microarray, depar-
affinized, subjected to heat antigen retrieval and stained with
rabbit polyclonal anti-VEGF antibody (A20, 1/40 dilution, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) or anti-HIF-1a
antibody (clone H1a67, 1/100, Novus Biologicals, Cambridge,
UK). Antibody binding was detected with Dako REAL Detection
System (Code K5001, Dako France, Trappes, France). The
percentage of positive cells was evaluated using a Leica DMR
microscope (Leica Geosystems France, Le Pecq, France) equiped
with a DFC300FX camera and a  200/0.85 NA objective lens.
Cases were considered positive when more than 10% of
neoplastic cells were stained. Image processing was performed
using the IM50 software from Leica Geosystems France.
DNA methylation analysis
We searched the human and mouse genome database (http://
genome.ucsc.edu/) (University of California Santa Cruz,
Genome Bioinformatics) for the existence of miRNAs embedded
in a CpG island. Genomic DNA samples were modified by
sodium bisulfite using the CpGenome DNA modification kit
(Chemicon, Temecula, CA, USA) following the manufacturer’s
instructions. The DNA methylation status was analyzed by
methylation-specific PCR after sodium bisulfite modification of
DNA. Human male and mouse genomic DNA universally
methylated for all genes (Intergen Company, Purchase, NY,
USA) was used as a positive control for methylated alleles.
Water blanks were included with each assay. The deleted
in leukemia and structural maintenance of chromosomes-4
genes are the host genes for miR-16-1 and miR-16-2,
respectively. Primer sequences of methylation-specific PCR of
miR-16 are described in Supplementary Table S2. Following
amplification, PCR products were subjected to gel electrophor-
esis through a 2.5% agarose gel and were visualized by
ethidium bromide staining and UV transillumination.
Tumorigenicity assays
MEF-TPM3-ALK cells25 were transfected, as described above,
with pre-miR-16 or scrambled control miRNA (pre-miR control
no. 1), resuspended in PBS (2 106 cells/site) and then injected
subcutaneouslyinto female Balb/c nu/nu mice, 4–6 weeks old
(Iffa Credo, L’Arbresle, France). Five mice were used for each
tested condition. Tumor volume was calculated as v¼ length
(mm)  width (mm)  thickness (mm)  0.52 and measured
every 2 days.
Statistical analysis
Values were expressed as mean±s.d. Non-parametrical Mann–
Whitney test and/or unpaired t-test or two-way ANOVA were
applied to analyze the differences between groups. Analyses
were performed using GraphPad Prism version 4.00 for
Windows (San Diego, CA, USA). Po0.05 was considered to
be significant.
Results
VEGF overexpression and miR-16 downregulation in
murine onco-ALK models
We have previously developed conditional transgenic mice that
express onco-ALK (NPM-ALK and TPM3-ALK) and exhibit robust
angiogenesis (Supplementary Figure S1a). These mice were used
to investigate whether ALK oncogene expression induces an
increase in VEGF mRNA levels using RT-qPCR. We observed
that the level of VEGF mRNA was significantly upregulated in
lymph nodes isolated from mice with ALKþ tumors (Supple-
mentary Figure S1b) when compared with lymph nodes isolated
from normal littermate transgenic mice (normalized to 1) and
from onco-ALK OFF healthy mice (Supplementary Figure S1b).
We next checked whether the ALK oncogene-mediated increase
in VEGF mRNA was followed by an increase in VEGF protein
levels. The amount of secreted VEGF was measured by
performing ELISA assays on mice sera. We observed that VEGF
secretion was significantly upregulated in sera prepared from
mice with ALKþ tumors in comparison with sera prepared from
onco-ALK OFF healthy mice (P: 0.0173 for NPM-ALK; P: 0.0303
for TPM-ALK) and from control littermate animals (Supplemen-
tary Figure S1c).
Since miR-15 and miR-16 contribute to an increase in
VEGF,14 we used northern-blotting to compare miR-15a and
miR-16 expression levels in tumor lymph nodes isolated from
onco-ALK transgenic mice (ALKþ ) with lymph nodes isolated
from doxycycline-treated animals (ALK) (Supplementary
Data). To test for significant differences in expression of
miR-15 and miR-16, two statistical tests (the two-sample t-test
and the Mann–Whitney test) were performed (Supplementary
Table S1). In onco-ALK mice (ALKþ ), we found that miR-15a
and miR-16 were significantly downregulated in lymphoma
cells when compared with lymph node cells isolated from onco-
ALK OFF healthy mice (ALK) (0.471±0.086 vs 0.761±0.058
mean expression for miR-15a; 0.493±0.025 vs 0.863±0.044
mean expression for miR-16) (Supplementary Table S1).
To further confirm the upregulation of VEGF levels and the
downregulation of miR-15a and miR-16 in onco-ALK-expressing
cells in vitro, we used another murine onco-ALK model: MEF
cells conditionally expressing the TPM3-ALK oncogene (MEF-
TPM3-ALK cells).25 Using ELISA assays, we observed a sub-
stantial increase in secreted VEGF (mean: 617±126.33 pg/ml;
p: 0.0318) in the supernatants of MEF TPM3-ALK-positive cells
(ALKþ ) when compared with MEF TPM3-ALK-negative cells
(ALK) (Figure 1a). These data are consistent with the results
obtained in transgenic mice harboring onco-ALK lymphomas
(Supplementary Figures S1b and c and Supplementary Table S1).
No significant variation in VEGF mRNA levels was observed
between ALKþ and ALK conditions (Figure 1b). We therefore
used RT-qPCR, to analyse the expression levels of miRNA and
observed that ALKþ cells express reduced levels of miR-15a
and miR-16 when compared with ALK cells (Figure 1c),
however only miR-16 downregulation was significant (Po0.05)
(Figure 1c). Altogether, these results suggest that miR-16
downregulation contributes to a decrease in VEGF levels in
ALKþ cells.
VEGF mRNA is an miR-16 target in MEF TPM3-ALK
cells
To understand the role of miR-16 in controlling VEGF levels, we
looked at the consequences of either over-expressing or
silencing miR-16 in ALKþ cells. The amount of miR-16 in
transfected ALKþ cells was more than 700 fold higher than
in control cells (Supplementary Figure S2). Transfection with
miR-16, but not with the negative controls, resulted in a
significant decrease in secreted VEGF protein levels 48 h after
transfection (Figure 2a). Conversely, when endogeneous miR-16
was downregulated using an antisense locked nucleic acid to
miR-16 (LNA-16), we observed an increase in VEGF secretion
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(Figure 2a). Importantly, RT-qPCR did not show any differences
in VEGF mRNA levels under all transfection conditions
(Figure 2b). Thus, miR-16 levels inversely correlate with VEGF
protein levels with mRNA levels unaffected. We therefore
postulated that, in ALKþ cells, VEGF is controlled by miR-16 at
a translational level.
To investigate further, we used a LucR reporter construct to
examine whether miR-16 regulated VEGF translation through
binding to its target site in the VEGF mRNA 30-UTR. LucR
activity was 6.5-fold lower in ALKþ cells transfected with
miR-16 when compared with a scrambled miRNA control
normalized to 1 (Po0.001, two-way ANOVA) (Figure 2c).
Transfection with LNA-16 (Po0.05, two-way ANOVA) or a
chemically modified inhibitor against miR-16 (anti-miR-16)
(Po0.01, two-way ANOVA) led to a significant increase in the
normalized LucR activity in ALKþ cells when compared with
miR-16 transfection (Figure 2c). In ALK-inactivated cells (ALK),
reporter activity was not significantly changed under all
conditions (Figure 2c). We conclude that, in ALKþ cells, VEGF
mRNA is a target for miR-16 binding and that VEGF expression
is controlled, at least in part, by the amount of miR-16.
miR-16 downregulation is not dependent on DNA loss
and epigenetic modifications in murine TPM3-ALK
models
In an attempt to identify the mechanisms involved in miR-16
downregulation in murine onco-ALK models, we first searched
for DNA loss by high-resolution array-based comparative
genomic hybridization array analysis (see Supplementary Data),
on tumoral lymph nodes from TPM3-ALK transgenic mice. DNA
karyotype changes did not seem to be involved in miR-16
downregulation (data not shown).
Mus musculus miR-16 is expressed from two loci, deleted
in leukemia 2 located on chromosome 3 and structural
maintenance of chromosomes-4 located on chromosome 14;
these code for miR-16-1 and miR-16-2, respectively. We sought
to determine whether aberrant methylation of the putative
promoter regions of deleted in leukemia 2 and structural
maintenance of chromosomes-4 was responsible for miR-16
downregulation through analysis of their methylation profile by
methylation-specific PCR on DNA isolated from MEF TPM3-
ALK-positive cells before (ALKþ ) and after (ALK) ALK
inactivation by doxycycline. As shown in Figure 3a, the miR-
16-1 putative promoter was found non-methylated in both
ALKþ and ALK cells. Our data show that miR-16 down-
regulation is not mediated by an epigenetic mechanism.
ALK oncogene tyrosine kinase activity and hypoxia
marker HIF1a may be involved in miR-16
downregulation in MEF TPM3-ALK cells
We next analysed whether regulation of miR-16 and VEGF was
dependent upon functional ALK activity. First, we confirmed
that TPM3-ALK kinase activity was inhibited following treatment
with the ALK tyrosine kinase inhibitor, crizotinib,30 by using
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western-blotting to confirm loss of TPM3-ALK autophosphoryla-
tion (Figure 3b and Supplementary Data). Using RT-qPCR we
also observed that, in cells treated with crizotinib, miR-16 levels
were decreased, although not significantly, following ALK
tyrosine kinase inhibition (Figure 3c). This result suggests that
ALK tyrosine kinase activity may partially contribute to under-
expression of miR-16.
As hypoxia and HIF1a are known regulators of miR-16
expression, we analysed the expression profile of HIF1a in
ALKþ and ALK MEF cells. ALK inactivation via crizotinib
resulted in significantly lower HIF1a expression (Figure 3d)
when compared with ALK-expressing cells (ALKþ ). Together,
these results suggest that the expression of ALK and HIF1a is a
prerequisite for miR-16 downregulation in ALK-positive cells.
In vivo repression of onco-ALK tumor growth and
angiogenesis by miR-16 over-expression
To provide in vivo evidence for a negative impact of miR-16 on
tumor growth and angiogenesis, we subcutaneously trans-
planted MEF TPM3-ALK cells transfected with either miR-16
or a scrambled miRNA control into athymic nude mice. In miR-
16-transfected cells tumor growth was reduced, as assessed by
both tumor volume (Figures 4a and b) (P at 26 days: o0.001,
two-way ANOVA test) and weight measurements (Figure 4c)
(P at 26 days: 0.0255) VEGF serum levels were also reduced in
tumors from ALKþ MEF cells transfected with miR-16 when
compared with tumors from ALKþ MEF cells transfected with a
scrambled miRNA control (Figure 4d). We performed CD34
immunostaining to examine vascular morphology in both cases.
In control tumors, a high density of CD34 immunostaining and
collapsed vessels were apparent (Figure 4e, upper panel, arrow).
In contrast, decreased microvessel density and open lumen
vessels (Figure 4e, lower panel, asterisk), were observed in
subcutaneous tumors induced by ALKþ MEF cells transfected
with miR-16. Altogether, these results demonstrate that miR-16
over-expression is able to reduce tumor growth and angio-
genesis. Thus, our results strongly suggest that miR-16 down-
regulation is a key event in ALK tumoral angiogenesis.
Association between miR-16 expression and VEGF
levels in human ALK-positive lymphomas
To investigate a possible association between miR-16 expres-
sion and VEGF levels in human ALKþ cells, we looked at
whether miR-16 was downregulated in ALCL tumor samples
using RT-qPCR. We observed miR-16 levels to be significantly
lower in ALK-positive ALCL lymph node biopsies (n¼ 20) when
compared with ALK-negative ALCL biopsies (n¼ 6) (P: 0.0068)
(Figure 5a). We then sought to identify the mechanisms involved
in the reduction of miR-16 mRNA in ALK-expressing cells by
searching for DNA structural or epigenetic modifications. As
observed in the mouse models, the miR-16 downregulation in
ALCL patients was not related to DNA promoter epigenetic
methylation (Supplementary Figure S3) or DNA deletion; in the
32 ALKþ ALCL cases tested, comparative genomic hybridiza-
tion array analysis (Supplementary Data) shows and only one
case with a deletion of the 13q14.2 region coding for miR-16-1
and no deletion of the miR-16-2 region coding, 3q25.33 (data
not shown).
Next, we wanted to investigate VEGF mRNA and protein
expression in ALKþ human cells. VEGF mRNA amounts were
evaluated by RT-qPCR on lymph node biopsies from ALCL
patients. Our results show that levels of VEGF mRNA were
increased in ALKþ ALCL lymph node biopsies (n¼ 20), when
compared with ALK ALCL biopsies (n¼ 6) or reactive lymph
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nodes (n¼ 5) (Figure 5b). VEGF protein expression was tested
using ELISA assays on ALCL sera and immunohistochemistry
staining on tissue microarrays from lymph node biopsies of
ALCL patients. We observed that VEGF protein expression was
significantly enhanced in sera from ALKþ ALCL patients
(n¼ 17, p: 0.0242) when compared with sera from healthy
donors (n¼ 5) (Figure 5c). Immunohistochemistry staining was
performed on 86 ALKþ ALCL samples and 14 ALK ALCL
samples. Endothelial cells, myofibroblasts and rare reactive
lymphocytes admixed with lymphoma cells were used as an
internal positive control and, as expected, were positive for
VEGF (data not shown). In the tumor cells, we found no
significant variation in VEGF expression between ALKþ and
ALK-samples. Indeed, VEGF staining was detected in 68% (59 of
86) of ALKþ patients and in 57% of ALK patients (8 of 14).
However, a low VEGF staining intensity was predominantly
seen in ALK ALCL, while variations in the intensity of the
staining was observed in ALKþ ALCL samples; some ALKþ
ALCL showed strong VEGF staining, whereas other showed a
moderate to weak staining, as illustrated for 8 cases in Figure 6a.
Importantly, we also observed HIF1a protein expression in
ALKþ ALCL lymph nodes biopsies (Supplementary Figure S4).
Together, these results suggest that the ALK oncogene is able to
induce VEGF expression, probably through both transcriptional
and translational regulation, and involving both transcription
factor HIF1-a and miR-16.
Finally, we used RT-qPCR to search for a correlation between
VEGF protein levels, as assessed by immunohistochemistry, and
the amount of endogeneous miR-16 in ALKþ ALCL cells. The
percentage of tumoral cells expressing VEGF was graded as
follows: 0: negative (0%); 1: o50%; 2: 50–75% and 3: 475%.
We noted a strong inverse correlation between the amount of
miR-16 and the VEGF grade of ALKþ tumoral cells (Pearson’s
correlation test, R2¼ 0.9768, Figure 6b). In the majority of the
cases, low and intermediate miR-16 expression (relative amount
o2) was associated with more than 50% of tumoral cells
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expressing VEGF (Figure 6b). In contrast, enhanced miR-16
expression was associated with a low percentage or no ALKþ
tumoral cells expressing VEGF (Figure 6b). Collectively, these
results suggest that a decrease in miR-16 may be associated with
an increase in VEGF protein levels in a substantial proportion of
human ALKþ ALCL.
Discussion
Various hematological disorders and epithelial malignancies
such as non-small cell lung cancer are associated with
translocation of the ALK gene, located on chromosome 2p23.
Around 17 chimera proteins have been characterized so
far.15,16,18,19,31 The majority of ALK translocations lead to
diffuse large B-cell lymphomas and ALCL, a peripheral T-cell-
derived malignancy. NPM-ALK and TPM3-ALK are the main
translocations recorded in ALCL.32
A direct role for NPM-ALK in cellular transformation has been
shown both in vitro and in vivo, and such studies have shed light
on the mechanisms of malignant transformation by this onco-
protein.33,34 These mechanisms include activation of several
downstream signal-transduction pathways, which regulate cell
survival, proliferation, migration and, more recently, hypoxia.20,24
Although hypoxia has been reported to upregulate HIF-1a and
VEGF in ALK-positive (ALKþ ) ALCL,20 so far no studies have
implicated it in angiogenesis in ALK tumor development.
In this study, we have used onco-ALK (NPM-ALK and TPM3-
ALK) cellular and mouse models conditional for ALK expres-
sion25,26 to report for the first time, an increase in VEGF
secretion both in vitro and in vivo. The increase in VEGF
secretion in these models was not seen in normal cells, that is,
following doxycycline-induced onco-ALK inactivation. Impor-
tantly, high VEGF serum levels were also detected in ALKþ
ALCL patients when compared with healthy donors. These
results led us to search for the underlying mechanism for this
VEGF upregulation following ALK expression.
Extensive literature has shown that VEGF levels are tightly
regulated at transcriptional, post-transcriptional and transla-
tional levels.5,6 Recently, miR-16 was shown to regulate VEGF
mRNA stability and protein expression levels.14,29 In this study
we have demonstrated that miR-16 is downregulated upon ALK
expression both in vitro and in vivo using our onco-ALK
conditional cellular and mouse models for ALK tumori-
genesis.25,26 Importantly, a weaker expression of miR-16 was
also observed in ALKþ ALCL patients when compared with
ALK ALCL patients.
The mechanisms for regulation of miRNA levels are not yet
understood, despite the wealth of publications about the
biological effects of miRNAs. A few reports have shown that
downregulation of some miRNAs in haematopoietic cancer
occurs through epigenetic factors or by genomic abnormalities.
This has been observed for the miR-16 sequence at chromoso-
mal locus 13q14, which is deleted in more than 50% of chronic
lymphocytic leukemia or multiple myeloma patients.9,10 ALKþ
ALCL harbor genomic alterations including 13q losses but the
locus 13q14 is rarely lost.35,36 In accordance with these data,
we did not observe any abnormalities on chromosome 13 in
ALK lymphomas from onco-ALK conditional transgenic mouse
models and in only one of the human ALKþ ALCL samples. We
also found that miR-16 downregulation was not related to DNA
promoter epigenetic methylation changes in both the onco-ALK
mouse models and in the human ALKþ ALCL samples. As we
found an over-expression of HIF1a in ALKþ tumoral cells, we
cannot rule out a possible hypoxia-mediated mechanism for
miR-16 downregulation, as previously described by Hua et al.14
However, a mechanism for this hypoxia-miR-16 regulation is
not yet known.
To confirm the close relationship between miR-16 and VEGF
levels in ALK tumors, we performed miR-16 gain expression in
TPM3-ALK-positive MEF cells and studied the subsequent levels
of VEGF secreted in vitro as well as the cells’ ability to induce
subcutaneous tumor growth in nude mice. Our results indicate
that VEGF mRNA is a target of miR-16 and that forced
ALCL-21 ALCL-35 ALCL-32ALCL-39ALCL-22 ALCL-10 ALCL-27 ALCL-25
VEGF expression (immunoperoxydase staining)
2.03 2.580.52 1.09 1.64 
3
4
R
el
at
iv
e 
am
ou
nt
 o
f
en
do
ge
no
us
 m
iR
-1
6
R 2= 0,9768
1
2
0: negative,
1: <50%, 
VEGF grade of ALK+ ALCL
VEGF grade (n=16)
0 1 2 3
0
2: 50-75%,
3: >75%
0.51 0.64 1.93
Relative amount  of endogeneous miR16 expression (RT-qPCR)
Figure 6 Inverse correlation between VEGF expression and relative amount of endogenous miR-16 in ALK-positive ALCL. (a) Immuno-
histochemistry (immunoperoxidase staining, original magnification, 400 0.85) and RT-qPCR were performed to determine VEGF and miR-16
expression in 8 human ALKþ lymphomas (ALCL-10, -21, -22, -25, -27, -32, -35 and -39). (b) Pearson’s correlation test in 16 ALKþ ALCL. The
percentage of tumoral cells expressing VEGF was graded as negative (0); 1: o50%, 2: 50–75% and 3: 475%.
miR-16 and VEGF expression in ALK lymphomas
E Dejean et al
1888
Leukemia
105
expression of miR-16 leads to a reduction in tumor growth,
microvessel density and serum VEGF levels in MEF TPM3-ALK
cells engrafted into nude mice. In human ALKþ tumors, we
were able to demonstrate for the first time a strong inverse
correlation between miR-16 and VEGF expression levels.
Nevertheless, as the increase in VEGF mRNA was detected in
ALKþ lymphoma cells, that is, in conditional transgenic models
as well as ALCL patients, we suggest that VEGF is regulated at
both transcriptional, as reported by Marzec et al.,20 and post-
transcriptional levels in ALKþ ALCL.
Several trials have been opened for ALKþ tumors (http://
www.ClinicalTrials.gov). Only one agent, PF-02341066/crizo
tinib, an inhibitor of the tyrosine kinase activity of both ALK and
the MET oncogene,30 has recently reached the clinical arena in
the treatment of ALKþ non-small cell lung cancer.37 Relapsed
advanced ALKþ ALCL are also sensitive to ALK inhibition by
crizotinib.38 However, recently two secondary mutations were
reported following ALK inhibitor treatment.39 They were within
the kinase domain of the EML4-ALK oncogene involved in non-
small cell lung cancer, and conferred marked resistance to
crizotinib.39
As ALK signaling activates multiple downstream pathways, it
is reasonable to speculate that small molecules, targeting key
effectors within these pathways, will represent valuable targets
to kill ALKþ cancer cells. Therefore, the development of
combined therapies should help prevent the occurrence of
resistance.40 To this end, we recently demonstrated the
efficiency of an antibody against CD160 in TPM3-ALK-induced
fibroblast tumors in athymic nude mice.41 This unusual anti-
angiogenic therapeutic is a glycophosphatidylinositol-anchored
protein which is expressed by growing but not quiescent
endothelial cells.42 We found that the antibody not only
inhibited tumor vascular density but also slowed down the
growth of ALK tumors.41
Anti-angiogenic strategies have become an important therapy
for solid tumors43 as well as hemato-lymphoid malignancies.44
Importantly, an improvement in response, progression-free
survival and/or overall survival has been demonstrated when
conventional therapy was supplemented by VEGF inhibitors. As
miRNAs can act both as oncogenes and tumor-suppressor genes,
a very appealing therapeutic option is the combination of
miRNAs with chemotherapy.45 Indeed, several studies in vitro
and in vivo using anti-miRNA molecules (antagomirs), LNA-
anti-miRNA oligonucleotides or anti-miRNA oligonucleotides,
have validated the efficiency of such agents in both solid
tumors46 and haematopoietic malignancies.47 Importantly, the
first clinical trial applying anti-miRNA agents as drugs has
already been launched.48,49
In conclusion, our results report a new fundamental process
for ALK-mediated tumorigenesis involving angiogenesis and
VEGF upregulation through, at least in part, miR-16 down-
regulation. These new data should encourage further work to
optimize multi-target therapies and increase the chances of
eradicating ALKþ tumors.
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1. ABSTRACT
Our current understanding of oncogenic Anaplastic 
Lymphoma Kinase (ALK)-induced lymphomagenesis has 
relied for over 20 years on multiple and complementary 
studies performed on various experimental models, 
encompassing ALK oncogene expressing cells, their 
grafts into immune-compromised mice, the generation 
of genetically engineered mouse models (GEMMs) and, 
when available, the use of patient samples from Anaplastic 
Large Cell Lymphoma (ALCL) tumour banks. Of note, and 
to our knowledge, no ALK-positive ALCL 3D culture system 
has been described so far. In this review, we will first outline 
how these different cell and mouse models were designed, 
and what key findings they revealed (or confirmed) towards 
oncogenic ALK-induced lymphomagenesis. Secondly, 
we will discuss how recent and revolutionary advances 
in genetic engineering technology are likely to complete 
our understanding of ALK-related diseases in an effort to 
improve current therapeutic approaches. 
2. INTRODUCTION
The discovery of the t(2;5)(p23;q35) 
encoding Nucleophosmin-Anaplastic Lymphoma 
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Kinase (NPM-ALK) some 20 years ago signalled the 
start of considerable research efforts to determine 
the mechanism(s) by which this aberrantly expressed 
protein might induce lymphoma development (1). In 
the intervening period, oncogenic forms of ALK have 
been implicated in many further forms of cancer and 
activated by a variety of mechanisms, some still to 
be elucidated (2). Indeed, the common presence 
of activated ALK/ALK fusion proteins in many 
malignancies begs the question as to whether there 
are common underlying mechanisms and/or tissue-
specific effects. In this regard the development of 
model systems has been instrumental to our research 
efforts as it has been to cancer research in general 
although, as with most model systems there remain 
many caveats particularly when considering the 
tumour as a mini-organ with its own blood supply, 
stroma and inflammatory milieu to name but a few 
assets. In this review we will discuss our current 
understanding on the biology of ALCL as gleaned from 
model systems generated to mimic some aspects of 
ALCL. 
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3. CONFIRMATION OF THE ONCOGENIC 
POTENTIAL OF NPM-ALK 
3.1. In vitro studies
The first port of call for many studies into 
mechanisms of oncogenesis commence with cell line 
model systems, either those created from patient-
derived tumours or exogenously expressed oncogenes 
in established cell lines. An extensive literature on in 
vitro ALK-oncogene signalling has been carried out 
using cell line models that were and still are useful for 
the biochemical analysis of the classical and newly 
proposed cancer hallmarks (2, 3). Initial studies sought 
to confirm the oncogenic potential of the newly identified 
NPM-ALK protein by expressing it in rat1a fibroblasts 
and IL3-dependent BaF3 B-cells. In both cases features 
of transformation were observed including anchorage-
independent growth, foci formation and in the latter 
case independence from IL3-mediated signalling (4, 5). 
However, ALCL is a T-cell malignancy and therefore whilst 
it had been shown that NPM-ALK was able to induce 
some of the hallmarks of cancer in vitro, its relevance 
to T-cell biology was lacking. In this regard, effects of 
exogenous expression in the Jurkat T-cell leukaemia line 
was investigated but given that this cell line is already 
transformed, data were less informative and more 
restricted to understanding the signalling pathways that 
could be activated by NPM-ALK in a T-cell context (6). 
More recently, NPM-ALK expressing cell lines have been 
established from lentivirally transduced primary human 
mature CD4+ T-cells (7). These have been reported to 
faithfully mimic key ALCL characteristics (increased cell 
volume and biomarker expression (CD30, Ki-67) as well 
as expression of immunosuppressive molecules (IL-10, 
PD-L1, STAT3/mTORC1 signalling activation)) (7). 
ALK oncogene mediated transformation of these cells 
relies, at least in part, on the use of the pre-existing IL-2 
dependent signalling pathway (8). Importantly, this study 
demonstrates that the ALK oncogene is able to transform 
the cell type that is considered its cell of origin, i.e. 
normal T lymphocytes, thus providing the first cell system 
allowing in vitro studies both on ALK oncogene-mediated 
early mechanisms of lymphoma development and on 
the effects of early (new and/or combined) therapeutic 
interventions (9). However, all these cellular models 
more or less have limitations: as just described, they do 
not exactly recapitulate the T cell lineage characteristics 
of ALK-positive ALCL (except in the latter case) which 
also compromises their use for studying early stages of 
lymphomagenesis and disease progression mechanisms. 
In addition, all models remain in vitro experimental 
tools which obviously do not recapitulate the impacts 
of environmental factors known to influence tumour 
development and response to therapy (tumour and 
stromal cell interactions, immune system contribution, 
angiogenesis etc.). Thus, over the years and as in many 
others cancer studies (10), the mouse has emerged 
as the model organism of choice to study ALK-induced 
tumorigenesis including transgenic mouse models as 
well as murine chimeras and xenotransplantation models 
(human cell lines or patient material transplanted in most 
cases sub-cutaneously into immune deficient mice). 
3.2. In vivo studies
The generation of murine chimeras whereby 
bone marrow is transduced to express the oncogene of 
interest before transplantation into irradiated recipient 
mice is often the first step towards providing evidence of in 
vivo oncogenic potential. Indeed, the oncogenic potential 
of NPM-ALK in vivo was first shown in such a system 
whereby murine bone marrow cultures in the presence 
of stem cell factor and IL6, were retrovirally transduced 
to express NPM-ALK before implantation into irradiated 
recipient mice (11). Perhaps not surprisingly (due to the 
B-cell skew in culture conditions), these mice developed 
B-lymphoid malignancies but nonetheless provided 
the first in vivo evidence of the oncogenic potential of 
NPM-ALK. Many other murine models have since been 
generated confirming the in vivo oncogenic potential of 
NPM-ALK and these are discussed further below.
4. DISSECTING NPM-ALK SIGNALLING 
PATHWAYS
The large majority of studies have used a 
combination of cell lines including patient-derived 
established cell lines to examine the oncogenic effects 
of NPM-ALK, in particular with a view to the signalling 
pathways in which it is involved and/or activated (12) 
(these have been reviewed extensively elsewhere and 
will not be discussed here (2, 13)). The most highly cited 
ALCL cell lines in use include Karpas-299, SUDHL-1, 
SUP-M2, SR786 and DEL all available from tissue banks 
and largely retrospectively identified as being ALK+ ALCL 
(see Table 1) (14). However, these are generally isolated 
from patients with advanced and/or aggressive disease 
and together with serial propagation in vitro over many 
years, the inherent (epi)genetics are less likely to mimic 
those observed in the original tumour (15). For example, 
the Karpas-299 cell line has a deletion of PTEN as well 
as mutation of TP53 and it is not clear whether these 
additional genetic changes were present in the original 
tumour or gained through in vitro serial propagation (16). 
Moreover, their culture within different media and serum 
conditions, according to empirical use in any given 
laboratory, are likely to induce many cellular drifts that 
could potentially change their behaviour and response to 
any given insult. Therefore, whilst these cell lines have 
provided the workhouses for biochemical studies into 
NPM-ALK activity, these data must be interpreted with 
caution and backed-up in additional model systems. 
In this regard, a number of murine models have been 
utilised to assess the biochemical pathways driving 
tumour growth in tumours arising de novo. In particular, 
the roles of signalling proteins such as STAT3 and JNK 
have been confirmed in murine models (17-19). 
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5. ELUCIDATING MECHANISMS OF 
TRANSFORMATION AND THE CELL OF ORIGIN
5.1. Role of murine chimeras
Since the initial study of Kuefer et al described 
above (11), refinements of the chimeric system have 
been made in an attempt to produce a murine mimic 
of ALCL. In particular, tweaking of the system has 
been partially successful in recapitulating ALCL in 
vivo; transduction of IL9 transgenic mouse (which are 
predisposed to thymic T-cell lymphomas) bone marrow 
before implantation into recipient mice resulted in mice 
developing some T-lymphoblastic lymphomas (T-LBL) 
but also plasmacytomas and plasmablastic diffuse large 
B-cell lymphomas (20); the multiplicity of infection (MOI) 
has also been shown to impact on disease phenotype 
with high levels (>5) resulting in the rapid development of 
polyclonal histiocytic disease and low MOI (<0.005) in later 
onset monoclonal B-lymphoid malignancies (21); use of 
bone marrow from cre reporter transgenic mice such as 
Lysozyme M-cre and Granzyme B-cre transduced with a 
Lox-STOP-Lox-NPM-ALK encoding vector implanted into 
recipient mice led to histiocytic malignancies and T-LBL/
histiocytic disease respectively (22). This latter system 
has the potential to result in a murine mimic of ALCL 
dependent on promoter driven-Cre usage and it remains 
to be seen the effects of driving NPM-ALK expression 
specifically in T-cells as has been carried out with limited 
success for various transgenic mice (17, 18, 23, 24). 
Regardless, the major caveat of using such a model 
system is the requirement to generate new mice from 
scratch for each experiment and hence the propensity for 
inter-experiment variability although one might argue that 
this might more closely resemble the heterogeneity of the 
human patient population. 
5.2. Role of transgenic mouse models 
Whilst chimeric models have been informative in 
proving the oncogenic potential of NPM-ALK in vivo they 
have also divulged the promiscuity of NPM-ALK suggesting 
that in order to develop a malignancy in mice resembling 
human ALCL, that expression must be targeted to the 
T-cell compartment. This is exemplified by findings in one 
of the first described transgenic NPM-ALK expressing 
mouse models whereby expression was targeted to the 
haemopoietic compartment by driving expression from 
the pan-haemopoietic vav promoter (18, 25). Utility of this 
promoter essentially enabled lineage screening for that 
preferentially transformed by NPM-ALK and in keeping 
with the large majority of chimeric model systems, the 
predominant phenotype was that of a B-cell lymphoma, 
in particular plasmacytoma (18). However, even with use 
of a T-cell specific promoter, namely the minimal CD4 
promoter, plasmacytomas also developed in transgenic 
mice suggesting either some promoter leakage or cell 
fate decisions guided by NPM-ALK expression (17). This 
was also apparent in NPM-ALK transgenic mice whereby 
expression was directed by the T-cell specific CD2 promoter 
yet mice developed B-lymphoid malignancies (24). 
Regardless, the CD4/NPM-ALK transgenic line remains to 
date the best transgenic model for use in future studies, in 
particular the N16 line (which develops thymic lymphomas in 
greater than 90% of mice) and emphasises the importance 
of promoter choice when generating GEMMs (17).
Table 1. A non-exhaustive list of models used to investigate the biology of NPM-ALK induced lymphoma
Model system Examples Key findings Refs
Cell lines engineered to 
express NPM-ALK
BaF3, Rat1a, MEFs, NIH3T3, 32D, Jurkat, 293TRex Tet 
ON, MEF Tet OFF
Growth factor independence, 
anchorage-independent growth, foci 
formation
(4-6, 37, 64-73)
Patient-derived cell lines ALK+: Karpas-299, SUDHL-1, DEL, SUP-M2, 
SR-786, COST, PIO, L82, KI-KJ, JB6, TS (variant of 
SUDHL-1 carrying a tet-inducible shRNA against ALK), 
ALK− : FEPD, Mac-1, Mac-2a, Mac-2B, JK
Many NPM-ALK signalling pathways, 
NPM-ALK signalosome
(14, 69, 74-88)
Primary T-cells transformed 
by NPM-ALK
Human peripheral blood derived CD4+ T-cells First evidence of NPM-ALK induced 
transformation of mature human T-cells
(7, 8)
GEMMs CD4/NPM-ALK, VAV/NPM-ALK, CD2/NPM-ALK, LCK/
NPM‑ALK, EμSRα‑tTA/Tet‑O‑NPM‑ALK
Proof of the oncogenic potential of 
NPM-ALK in the lymphoid compartment 
(17, 18, 23, 24, 29)
Chimeras Retroviral transduction of murine bone marrow from 
wild-type, Cre or other transgenic lines with NPM-ALK 
followed by implantation into irradiated recipients
Proof of the oncogenic potential of 
NPM-ALK in the lymphoid compartment
(11, 20, 21, 28)
Xenografts ALCL cell lines implanted sub-cutaneously into immune 
deficient mice, patient derived primary tumours 
implanted sub-cutaneously or intra-peritoneally into 
immune deficient mice
Therapy and tumour heterogeneity 
studies
(33, 35, 36, 38-40, 
43, 54, 89, 90)
NPM-ALK: Nucleophosmin-Anaplastic Lymphoma Kinase
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In all of these systems a true mimic of ALCL has 
remained elusive suggesting that either NPM-ALK must 
be expressed at a particular stage in T-cell ontogeny and/
or that other events shape the final cell surface phenotype. 
In regard to the former, use of the T-cell specific lck 
proximal promoter also led to T-LBL development but 
with a disease so aggressive that a transgenic line could 
not be established again suggesting that expression at 
early stages in T-cell ontogeny is not conducive to the 
development of ALCL (23). Whereas in evidence of the 
latter scenario, ALCL has been associated with infectious 
agents varying from insect bites (ALK positive) to breast 
implants (ALK negative) suggestive of the aetiology of this 
disease and consistent with a mature T-cell origin (26, 27). 
Therefore, future efforts might need to concentrate on 
directing NPM-ALK expression to mature post-thymic 
T-cells and examining the effects of T-cell stimulation 
on lymphoma development. However, mice are not 
men and what can happen in mice does not necessarily 
correlate with what actually happens in humans although 
mature peripheral T-cell lymphomas in mice expressing 
NPM-ALK has been achieved following elimination of 
clonal competition: Newrzela et al recently reported that 
chimeric mice in which NPM-ALK is expressed in mature 
T-cells isolated from the spleens and lymph nodes of the 
T-cell receptor (TCR) transgenic mouse line OTI, before 
implantation into recipient mice, developed mature 
peripheral nodal T-cell lymphomas whereas mature 
T-cells from wild-type mice (also expressing NPM-ALK) 
or NPM-ALK expressing OTI T-cells co-transplanted 
with polyclonal wild-type T-cells could not. These data 
suggest that the polyclonal nature of wild-type T-cells is 
not permissive for lymphoma development whereas the 
OTI-derived T-cells expressing a clonal TCR (specifically 
recognising ovalbumin peptides) are (28). These data 
suggest that mature T-cells can be transformed by NPM-
ALK to develop a disease more closely mimicking ALCL 
in keeping with the in vitro studies of Zhang et al (7). 
Based on this literature, it clearly appears 
that essentially all chimeric/transgenic mouse models 
recapitulate only some features of human ALCL 
malignancies and that none of them precisely mimic 
the human disease. This statement could be explained 
first by the fact that the human ALCL stem cell has not 
yet been identified, thus making it difficult to identify the 
specific stage of T-cell ontogeny to genetically manipulate 
to reproduce ALCL; second the choice of promoter for 
expressing the ALK oncogene has been problematic for 
several research groups and has resulted in the diverse 
B-cell or immature T-cell lymphomas, as described 
above; third, ectopic expression of NPM-ALK does not 
use the endogenous promoter, is initiated from randomly 
integrated sites, and leaves intact both copies of each 
translocation participating gene (the one encoding ALK 
and the one encoding the dimerization partner). Thus, the 
tumour level of expression of the fusion protein and the 
heterozygosity of the translocation participating genes 
are not reproduced. Finally, chimeric models also suffer 
from intra-experimental variability and the requirement to 
generate a new set of mice with each experiment. We 
are now able to circumvent those caveats as explained 
below.
6. INVESTIGATING NOVEL THERAPEUTIC 
TARGETS AND FUTURE TREATMENT 
STRATEGIES
6.1. Genetically Engineered Mouse Models 
(GEMMs)
Tumours addicted to defined oncogenic events 
provide excellent model systems to investigate the 
effects of inhibiting said activity towards the therapy of the 
associated disease. Given the precedent set by Bcr-Abl 
and Imatinib, it was obvious that therapies targeting NPM-
ALK might provide future therapeutic opportunities. A 
variety of in vitro studies, inhibiting NPM-ALK expression 
and activity through use of reagents as diverse as siRNA 
to small molecule inhibitors, have proven this potential 
and transgenic murine models have provided further 
evidence (reviewed extensively elsewhere). In particular, 
a transgenic model for ALK lymphomagenesis with 
inducible gene expression provided proof of principle (29). 
George Delsol’s group used the tetracycline system (Tet 
OFF version) to conditionally express the ALK oncogene 
in  the  hematopoietic  lineage,  using  the  Eμ  promoter 
previously reported in other systems to give rise to 
either B or T cell lymphoma (29-32). Not surprisingly, the 
preferential transformation of B-cells was observed in 
fitting with previous GEMMs as described above; tumours 
were blocked at the pro-B/pre-B-1 stage of differentiation, 
arising within a three-week latency but importantly were 
reversible upon doxycycline administration (and hence 
ALK silencing), thus confirming the role of the ALK 
oncogene in tumour maintenance and supportive of the 
use of ALK inhibitors as therapeutics (29). 
Other studies have utilised GEMMs to illustrate 
therapeutic strategies in principle. Of note, a study by 
Chiarle et al showed that by back-crossing the CD4/
NPM-ALK line to STAT3 knockout mice that the tumour 
incidence was severely reduced suggesting STAT3 as a 
therapeutic target although these findings remain to be 
translated to the clinic (19). Another noteworthy study 
that has successfully translated to clinical application 
from findings in murine models is the utility of PDGFR 
inhibitors, specifically Imatinib (33). In this study a human 
patient with ALCL refractory to existing available therapies 
was successfully treated with Imatinib and remains in 
complete clinical remission (personal communication 
Prof. L Kenner and (34)). Refined GEMMs more closely 
mimicking ALCL may provide useful in the future for 
assessing the efficacy of ALK inhibitors and other novel 
reagents. However, a number of xenograft systems 
have also proven useful in this regard, mostly cell line 
xenografts but increasingly PDX as well.
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6.2. Cell line xenografts
Engraftment of the different cell models 
described above into immune-compromised mice were 
and still are widely performed for two main purposes: 
Demonstration of the oncogenic properties of the cell 
models as well as the ease and rapidity of generation 
of an in vivo model to test the efficiencies of ALK cancer 
therapeutics. However, these model systems are limited 
by the sub-cutaneous location of tumours as well as the 
lack of a bona fide tumour microenvironment devoid of 
any inflammatory component. Regardless, they have 
been used extensively to examine the therapeutic 
potential of small molecule inhibitors including not only 
ALK inhibitors but also those affecting pathways activated 
by NPM-ALK (35-40). Traditionally, a xenograft of just 
one cell line representing the entire disease spectrum is 
employed as proof of principle that the novel compound 
will have therapeutic efficacy. However, it is well known 
that many drugs fail early in clinical trials because of the 
heterogeneity of the patient population. Hence, there has 
been a gradual move towards PDX as a model system 
although in the case of ALCL this is slightly hampered by 
the relative rarity of this disease.
6.3. Patient-derived xenografts (PDX) 
PDX are based on the “culturing”, maintenance 
and propagation of tumours directly isolated from the 
patient in immune-compromised mice. PDX models 
present the notable advantage to both recapitulate 
expression and genetic profiles of primary tumours as 
well as to respond to known therapeutics in a similar 
fashion to the primary tumour (41). The first reports of 
PDX models of ALCL were reported in 1995 and 1999 
by Marshall Kadin’s group (42, 43). Their studies showed 
that ALCL PDX closely resemble the primary tumour in 
histopathology and could be used to test the efficacy of 
CD30 targeted immunotherapy (44). These initial studies 
have been repeated to assess the efficacy of other 
therapies for example ALK inhibitors and undoubtedly 
more will follow (43, 45). However, we must point out 
here that the latency period to develop tumours in PDX 
can vary between 2 and 12 months and that the most 
successful tumour engraftments originate classically 
from high grade tumours at late stages of tumour 
development, which is not ideal for studying early stages 
of tumorigenesis. Thus, PDX models are good tools 
for drug screening and preclinical studies, but less so 
for basic cancer research. In addition they do not fully 
recapitulate the patient tumour in that the mouse host 
is immune-deficient and the tumours are often sub-
cutaneous rather than nodal as is the case for ALCL.
7. THE FUTURE OF ALCL MODEL SYSTEMS
7.1. Refinement of existing model systems 
Whilst as a community we have made 
considerable progress in understanding the role of NPM-
ALK and other ALK oncogenes towards the pathogenesis 
of cancer there still remain many unanswered questions. 
Of note, the natural progression of ALK-induced ALCL 
has not been elucidated and the question remains as 
to why in human patients we observe a peripheral T-cell 
lymphoma that has proven difficult to model in vivo. There 
are many possibilities, some more obvious than others 
but at its very heart we have not yet developed a mouse 
in which the exact genetic events are copied, in particular 
with the generation of the t(2;5)(p23;q35) is not only the 
gain of the NPM-ALK fusion gene but also a reduction of 
ALK and NPM gene dosage to 1 copy. Given that ALK 
appears to be a neural specific protein, this reduction in 
gene dosage is not likely to have an effect on lymphoid 
malignancies but given the ubiquitous expression and 
function of NPM this may be of significance (46-48). 
However, as a counter-argument, the presence of 
a large variety of ALK fusion proteins suggests that 
NPM heterozygosity is not of importance and this was 
backed up in an in vitro study whereby the importance 
of NPM was resigned to its ability to induce dimerization 
and hence autophosphorylation of NPM-ALK (48). In 
addition, a murine study in which NPM-ALK transgenic 
mice were back-crossed onto an NPM heterozygous 
background which did not result in any change in disease 
latency supports this theory although one might argue 
that the NPM-ALK GEMM of choice (CD2/NPM-ALK) 
did not sufficiently mimic human ALCL (49, 50). Hence, 
this remains to be explored further perhaps using model 
systems as detailed below. 
Equally compelling is our lack of knowledge as 
to the true cell of origin for this malignancy and the events 
that shape the presenting disease phenotype, i.e. mature 
T-cells in some cases appearing of a cytotoxic phenotype 
and in others a helper CD4-expressing T-cell, Treg, Th17 
or ‘null’ cell (9, 51, 52). However, many of these features 
that presume this array of T-cell subset phenotypes have 
been attributed to NPM-ALK activity perhaps independent 
of the cell of origin. For example, it has been shown that 
NPM-ALK can induce cellular production of cytotoxic 
proteins, IL17 and FoxP3 expression (51-53). Hence, it 
is possible that the cell of origin is a common precursor 
T-cell and in evidence a recent study has indicated that 
ALCL cancer stem cells (CSC) may well have origins in 
early thymic progenitors (54). If this is the case, then it is 
clear, at least in mouse models that other events must 
dictate the disease phenotype as expression of NPM-
ALK in immature T-cells in mice leads predominantly to 
lymphoblastic lymphoma as discussed above, whereas 
expression in mature T-cells in the absence of polyclonal 
competition in vivo gives rise to peripheral T-cell 
lymphoma (28). 
7.2. New technologies
Despite significant progress, a true murine 
mimic of ALCL, particularly a GEMM remains elusive but 
as technologies evolve as does our understanding of this 
disease, it is highly likely that model systems will improve to 
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become more informative. Zinc-Finger Nucleases (ZFNs), 
Transcription Activator-Like Effector Nucleases (TALENs) 
and Clustered Regulatory Interspaced Short Palindromic 
Repeats (CRISPR) / CRISPR-associated (Cas) systems 
are currently redefining the boundaries of genome 
engineering (55). ZFNs and TALENs are engineered 
nucleases composed of sequence-specific DNA-binding 
domains fused to a non-specific DNA cleavage module (56). 
The DNA binding domain can be customized at will, thus 
allowing the recognition and subsequent cleavage of any 
DNA sequence. CRISPR/Cas are programmable RNA-
guided DNA endonucleases, that have multiplexed gene 
disruption capabilities (57). The precise DNA double strand 
breaks induced by either one of these three DNA nucleases, 
then stimulate classical DNA repair mechanisms (NHEJ or 
HDR) (58). Thus, programmable DNA breaks could create, 
de novo, at the exact endogenous loci, a translocation-
associated oncogene. Most importantly, proof of principle 
of this powerful technology (notably TALENs) in genome 
editing has been reported for the de novo creation of the 
NPM-ALK translocation in two different cell settings: Jurkat 
T cells and RPE-1 cells (retinal pigment epithelial cells) (59). 
Thus, it is tempting to speculate that de novo creation of 
the NPM-ALK oncogene either in its natural target cell, in 
human induced-pluripotent stem cells (iPS), or in mouse 
blastocysts, hold the promise to lead to the generation 
of the most accurate model for ALK-positive ALCL. It is 
equally possible that other established technologies such 
as the ‘translocator mouse’ system developed in the lab of 
Terry Rabbitts might provide a source of GEMM mimics of 
ALCL (60). Alternatively, other model systems might provide 
better mimics of ALCL, for example zebrafish models are 
more commonly in use for the study of tumorigenesis, more 
recently models of T-LBL have been described (61).
8. CONCLUSIONS 
We believe a new era for ALCL personalized 
medicine is coming, taking advantage of both the 
generation and use of PDX and GEMM models 
(closely mimicking ALCL pathology) and their potential 
enrolment in co-clinical trials (62) (as previously reported 
for EML4-ALK NSCLC (63)). Indeed, this real-time 
“GEMMs-to-human” transition allows the concurrent 
integration of murine and human data, thereby allowing 
better, personalized and timely clinical decisions to be 
made (41). In the particular field of ALCL, like in other 
types of cancers, this will considerably facilitate and 
improve both drug development and patient health care 
management. Thus, in the coming years, it is likely that 
the use of ALCL mouse models will evolve from the 
classical study of the oncogenic ALK lymphomagenesis 
process to more clinically oriented applications. 
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ABSTRACT
Anaplastic Lymphoma Kinase-positive Anaplastic Large Cell Lymphomas 
(ALK+ ALCL) occur predominantly in children and young adults. Their treatment, 
based on aggressive chemotherapy, is not optimal since ALCL patients can still expect 
a 30% 2-year relapse rate. Tumor relapses are very aggressive and their underlying 
mechanisms are unknown. Crizotinib is the most advanced ALK tyrosine kinase 
inhibitor and is already used in clinics to treat ALK-associated cancers. However, 
crizotinib escape mechanisms have emerged, thus preventing its use in frontline ALCL 
therapy. The process of autophagy has been proposed as the next target for elimination 
of the resistance to tyrosine kinase inhibitors. In this study, we investigated whether 
autophagy is activated in ALCL cells submitted to ALK inactivation (using crizotinib 
or ALK-targeting siRNA). Classical autophagy read-outs such as autophagosome 
visualization/quantification by electron microscopy and LC3-B marker turn-over 
assays were used to demonstrate autophagy induction and flux activation upon ALK 
inactivation. This was demonstrated to have a cytoprotective role on cell viability and 
clonogenic assays following combined ALK and autophagy inhibition. Altogether, our 
results suggest that co-treatment with crizotinib and chloroquine (two drugs already 
used in clinics) could be beneficial for ALK-positive ALCL patients.
INTRODUCTION
Anaplastic Large Cell Lymphoma (ALCL) is an 
aggressive form of malignant lymphoma of T/null lineage, 
which occurs mostly in children and young adults. Two 
systemic forms of ALCL have been defined according to the 
presence or absence of aberrant anaplastic lymphoma kinase 
(ALK) expression [1, 2]. The identification of ALK and its 
role in the pathogenesis of ALCL were originally described 
in 1994 by Morris et al. [3]. Since then, it has become 
increasingly clear that ALK is a prevalent oncogene that is 
aberrantly expressed in a variety of tumors, including some 
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B-cell lymphoma (DLBCL), inflammatory myofibroblastic 
tumors (IMT), some non-small-cell lung cancers (NSCLC), 
renal carcinoma (RCC), colorectal carcinoma (CRC) and 
neuroblastoma (NB) [4–6]. In the case of ALCL, ALK 
is mainly activated as a consequence of a chromosomal 
translocation whereby the oligomerization domain of the 
nucleophosmin (NPM) gene is juxtaposed to the kinase 
domain of ALK. The resultant NPM-ALK fusion protein is 
constitutively active, and has been described in different cell 
and mouse models for NPM-ALK tumorigenesis [4, 7–10]. 
In NSCLC, an inversion event fuses the echinoderm 
microtubule-associated protein-like 4 (EML4) gene to 
ALK. Other less represented chromosomal abnormalities 
involving the ALK gene have also been described both 
for ALCL and NSCLC [5]. In addition, ALK activation in 
cancer can also arise through overexpression and mutation 
of full-length ALK [6].
ALK-expressing tumors are sensitive to treatment 
with small molecule inhibitors [11–14]. Among these, 
crizotinib is a potent ATP-competitive inhibitor of ALK and 
c-Met [15]. It is already used in the clinic for the treatment 
of late stage and metastatic cases of ALK-positive NSCLC, 
and promising results have accumulated concerning 
its use in the treatment of IMT [16, 17] and recurring/
refractory ALCL [17, 18]. However, as has been reported 
for other tyrosine kinase inhibitors, escape mechanisms to 
overcome the effects of crizotinib have been described in 
ALK-positive NSCLC and ALCL patients [6, 13, 18–23]. 
These mainly occur through ALK tyrosine kinase domain 
punctual mutations, ALK gene amplification and/or 
activation of compensatory signaling pathways and more 
than one mechanism can develop simultaneously within 
the same tumor [13, 24]. Thus, to circumvent resistance, 
second generation ALK inhibitors (AP26113, LDK 378, 
ASP3026, CH5424802) have been developed [5], and new 
combined therapies have also been proposed using a non-
ALK-targeting drug alongside an ALK inhibitor [25, 26]. 
Despite this, our understanding of crizotinib resistance 
mechanisms at both the cellular and molecular levels needs 
improvement in order to develop better treatment options. 
For instance, tumor cell autophagy has been proposed as 
a new target for overcoming resistance to tyrosine kinase 
inhibitors [27–30], yet its role in crizotinib-treated ALCL 
has never been studied.
Autophagy is a highly-conserved catabolic pathway 
used by the cell to degrade and recycle its own constituents 
[31]. The autophagy process involves first the formation 
of an isolation membrane, which elongates and closes 
in on itself to isolate unwanted cytoplasmic components 
such as damaged or obsolete organelles and toxic protein 
aggregates within a double-membraned structure called an 
autophagosome. Autophagosomes then dock and fuse with 
lysosomes, where acidic hydrolases degrade the “cargo”, 
therefore assuring a constant cytoplasmic quality control. 
All of the steps of this process are tightly regulated [32–34].
Malfunctioning autophagy is observed in many 
human diseases (including neurodegenerative diseases, 
infectious diseases, heart diseases and diabetes) [35]. 
In cancer development, autophagy plays a dual role 
[36–39]. During the initial stages of tumor development 
it exerts anti-tumoral effects, essentially by removing 
damaged mitochondria, preventing ROS accumulation, 
tissue damage, inflammation and genomic instability 
[40]. Conversely, once the tumor is formed it fuels 
tumorigenesis by delivering energy in a metabolically 
stressed environment [41].
Emerging evidence shows that these dual functions 
of autophagy, in promoting either death or survival 
mechanisms, are also observed in therapeutically-
challenged tumor cells. Indeed, some tumor treatments 
have been associated with autophagy-mediated 
oncoprotein degradation [42, 43]. Other compounds 
have been shown to induce autophagy-mediated cell 
death [44–46] or autophagy-mediated immunogenic cell 
death [47]. Conversely, survival autophagy mechanisms 
have also been observed in different studies upon either 
chemo-, radio- or targeted therapies [27, 29, 48–50] and 
inhibiting autophagy in these contexts has been proven to 
enhance treatment efficiency [51, 52]. Thus, whether to 
use autophagy inducers or inhibitors to optimize a given 
cancer treatment is clearly a matter of context [50].
In this study we sought to investigate whether 
autophagy activation acts as a tumor survival mechanism 
to overcome ALK oncogene inactivation in ALCL cell 
lines and whether disabling autophagy may represent a 
clinical benefit for ALCL patients.
RESULTS
ALK inactivation induces autophagy in  
ALK-positive ALCL cell lines
To determine whether ALK inactivation induces 
autophagy, we used flow cytometry to assay the 
development of acidic vesicular organelles (AVOs), which 
are indicative of autophagy, using the lysosomo-tropic 
agent, acridine orange [53]. This compound accumulates 
in acidic compartments to form aggregates that fluoresce 
bright red. As a positive control, Karpas-299 cells were 
treated with rapamycin (100 nM, 24 h), a well-known 
inducer of autophagy (Figure 1A). We observed that 
when ALK-positive Karpas-299 (Figures 1A and 1B) or 
SU-DHL-1 cells (Supplemental Figures S1A and S1B) 
were submitted to pharmacological or molecular ALK 
inactivation, through crizotinib treatment or ALK-targeted 
siRNA transfection respectively, an increase in the red 
fluorescence (y-axis) was observed. This demonstrates 
the induction of AVOs following ALK inactivation, 
from 3.2 to 17.5% upon crizotinib treatment and from 
5.4 to 16.7% following NPM-ALK downregulation. We 
confirmed the loss of NPM-ALK autophosphorylation 
(data not shown) and the decreased viability of the ALCL 
cell lines (Supplemental Figures S2A and S2B) following 
treatment with crizotinib at either 500 nM for Karpas-299 
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cells (a concentration which corresponds to the plasmatic 
dose measured in patients being treated for ALK tumors) 
or 400  nM for SU-DHL-1 cells, which are more sensitive 
to the drug [15]. The downregulation of NPM-ALK 
expression following ALK-targeted siRNA was also 
checked, and is shown in Supplemental Figure S3A.
To assess the specificity of AVOs induction 
following ALK inactivation, we used the ALK-negative 
ALCL cell line, FEPD, treated or not with crizotinib 
(500 nM, 24 h) or rapamycin (100 nM, 24 h). Rapamycin 
treatment induced AVOs formation, whereas crizotinib 
treatment did not (Figure 1C). This strongly argues for a 
Figure 1: Induction of autophagy upon ALK inactivation in NPM-ALK-positive Karpas-299 ALCL cells. A. Acridine 
orange flow cytometry staining was performed to detect the formation of acidic vesicular organelles (AVOs) following crizotinib (Crizo) 
(500 nM, 24 h) or rapamycin (Rapa) (100 nM, 24 h) treatment, compared to control cells (Ctrl). FL1-H indicates green color intensity 
(cytoplasm and nucleus), while FL3-H shows red color intensity (AVOs). The percentage of AVOs is displayed in the left upper quadrants. 
Representative flow diagrams are shown. Data on graph represent mean AVOs quantification ± SD from three independent experiments. 
Statistical analysis was performed by unpaired t-tests; ***p ≤ 0.001; **p ≤ 0.01. B. AVOs development and quantification were determined, 
as indicated in (A), following transfection for 72 h with ALK-targeted siRNA (siALK) or scramble siRNA (siSCR). C. AVOs quantification 
was determined, as indicated in (A), for untreated, crizotinib-treated (500 nM, 24 h) and rapamycin-treated (100 nM, 24 h) ALK-negative 
FEPD ALCL cells. Mean AVOs percentages are represented ± SD, quantified from three independent experiments. Statistical analysis was 
performed by one-way ANOVA followed by the Newman–Keuls multiple comparison test; ***p ≤ 0.001. D. Quantification of autophagic 
vacuoles was performed on around 100 cells from TEM sections prepared from untreated (Ctrl) and crizotinib-treated (Crizo) (500 nM, 24 h) 
conditions. Characteristic double membrane autophagosomes were counted as initial autophagic vacuoles (AVi) whereas autophagosomes 
that had fused with vesicles originated from the endo/lysosomal compartment were counted as degradative autophagic vacuoles (AVd). 
Representative images at x 10,000 magnification are shown. E. Data represent mean vesicle number per cell ± SEM. Statistical analysis was 
performed by an unpaired t-test; ***p ≤ 0.001. F. LC3 immunohistochemical staining in control (Ctrl) and crizotinib-treated Karpas-299 
cells (500 nM, 24 h) (Crizo). Sections were stained with anti-LC3 antibodies, and nuclei were counterstained with hematoxylin. Black 
arrows denote punctuate LC3 staining. Original images were produced with a leica DM4000B microscope (total magnification: x 400). 
G. Autophagy-related gene expression profile following crizotinib treatment. This selected data set was obtained using SABiosciences 
autophagy PCR arrays (n = 3). Results are expressed as fold change compared to levels measured in untreated Karpas-299 cells (set to 1). 
Statistical analysis was performed using unpaired t-tests; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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direct causal relationship between ALK inactivation and 
AVOs generation in ALK-positive ALCL cell lines.
This observed accumulation of AVOs prompted 
us to validate that autophagy was induced using other 
techniques. To this end, we first checked for the presence 
of autophagosomes by electron microscopy. As shown 
in Figures 1D and 1E, we observed an increased number 
of double-membrane autophagosomes (shown by 
arrows) upon crizotinib treatment in Karpas-299 cells 
compared to untreated cells. ALK-inhibition increased 
the number of autophagosomes at both their initial (AVi) 
and late maturation stages (AVd), as morphologically 
defined in the Eskelinen review [54]. We then used 
immunohistochemistry to demonstrate an increased 
percentage of cells harboring a punctate distribution of 
the autophagy marker microtubule-associated protein 
1 light chain 3 (MAP1LC3) [55], hereafter referred to 
as LC3, upon crizotinib treatment compared to untreated 
cells (Figure 1F and Supplemental Table 1). Finally, we 
investigated whether crizotinib treatment in ALK-positive 
Karpas-299 cells could have an effect on the expression 
levels of genes involved in the autophagy initiation and 
elongation processes. The analysis of a focused autophagy 
RT-PCR array showed a global increase in the expression 
of autophagy-related genes upon crizotinib treatment, in 
comparison with untreated Karpas-299 cells (Figure 1G). 
Strikingly, the highest significant up-regulations were 
found for genes that orchestrate the three crucial steps 
for autophagosome formation: (i) ULK1: involved 
in initiation, 2.46 fold change, p < 0.01; (ii) PIK3C3: 
involved in nucleation, 2.23 fold change, p < 0.01; 
(iii) MAP1LC3B: involved in elongation/closure, 3.26 
fold change, p < 0.001; and (iv) WIPI1: involved in 
elongation/closure, 11.55 fold change, p < 0.01. We 
validated the increased levels of these four mRNAs and 
some of their encoding proteins in Karpas-299 cells in 
which ALK inactivation had been achieved through the 
use of ALK-targeting siRNA (Supplemental Figure S4). 
Altogether, these observations demonstrate that a loss of 
ALK activity is able to elicit morphological and molecular 
signatures specific to the autophagic process.
To further confirm the induction of autophagy and 
address the question of the activation of autophagic flux 
in ALK-inactivated Karpas-299 cells, we first performed 
acridine orange FACS analysis to monitor AVOs 
generation upon disruption of the autophagy process at 
an early stage. Vps34 and Beclin1 are two key proteins 
belonging to the PI3-kinase/Beclin1 complex that is 
required early on in the activation of autophagy. We used 
the pharmacological drug 3-methyladenine (3MA) to 
specifically inhibit Vps34 (a class III PI3-kinase), and 
an siRNA approach to inactivate Beclin1 (Supplemental 
Figure S3B) [32, 56]. As shown in Figures 2A and 2B, 
in both experimental settings we observed a drop in 
crizotinib-induced AVOs generation, from 18.9 ± 
2.6% to 10.2 ± 2.3% upon 3-methyladenine addition 
(p ≤ 0.001) and from 13.6 ± 1.5% to 5.3 ± 2.1% upon 
Beclin1 downregulation (p ≤ 0.01). Taken together, these 
results indicate that the crizotinib-induced increase in red 
fluorescence is attributable to the development of AVOs 
associated with autophagy. We then analyzed autophagic 
flux using the LC3 turnover assay [57, 58]. For this, we 
inhibited ALK in Karpas-299 cells using crizotinib or 
siALK transfection, combined or not with chloroquine 
(CQ), a drug known to block autophagy by impairing 
the lysosomal degradation of the autophagic cargo. We 
then monitored the conversion of the cytosolic LC3 
form (LC3-I, 18kDa) to the pre-autophagosomal and 
autophagosomal membrane-bound form of LC3 (LC3-II, 
16kDa). Levels of LC3-II were higher in cells submitted 
to chloroquine treatment alongside ALK inactivation (for 
both crizotinib treatment and ALK-targeted siRNA) than 
in cells submitted to either treatment alone (Figures 2C 
and 2D). Furthermore, when we analyzed the kinetics 
of crizotinib treatment (after 6 h, 24 h and 48 h) in the 
presence or absence of chloroquine, we observed an 
accumulation of the LC3-II form over time (Figure 2E). 
Similarly, a CQ-dependent accumulation of LC3-II was 
observed in ALK-positive SU-DHL-1 cells treated with 
crizotinib (400 nM, 24 h) (Supplemental Figure S1C). 
Overall, these results indicate that ALK inactivation, 
either through pharmacological (crizotinib) or molecular 
approaches (ALK-targeted siRNA), induces an increase in 
the number of autophagosomes and autophagic flux in at 
least two of the most commonly used ALK-positive ALCL 
cell lines: Karpas-299 and SU-DHL-1.
Synergistic loss of Karpas-299 cell viability upon 
pharmacological or molecular inhibition of both 
the ALK oncogene and the autophagic process
It is now well known that cancer cells that are able 
to mount an autophagic response under stress conditions 
are highly sensitive to chloroquine. We thus investigated, 
in vitro, how this drug would impact on ALCL cell 
viability following co-treatment with crizotinib. As shown 
in Figure 3A, we observed a decrease in ALK-positive 
Karpas-299 cell viability, from 63.6 ± 3.1% upon single 
crizotinib treatment to 41.5 ± 5.4% upon crizotinib and 
chloroquine co-treatment (p ≤ 0.01). Similar results were 
obtained with SU-DHL-1 cells (Supplemental Figure S1D), 
and when another pharmacological drug targeting 
autophagy was used, i.e. 3-methyladenine (Figure 3B). 
Increasing concentrations of crizotinib (0–2000 nM), 
combined with increasing doses of either chloroquine 
(0–120 μM) or 3-methyladenine (0–10 mM) (Tables 1 
and 2) allowed a Chou-Talalay analysis to be performed 
[59], which demonstrated the synergism (defined by a 
combination index (CI) < 1) of co-treatment. Indeed, the 
CI value for crizotinib+chloroquine was between 0.85 
and 0.9, indicating a slight synergism between the two 
drugs, and the CI value of crizotinib+3-methyladenine 
was between 0.3 and 0.7, showing synergism, as described 
by Chou (Supplemental Figure S5A and S5B) [60]. 
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Similar results were also observed for ALK-positive 
SU-DHL-1 cells (Supplemental Figure S1E). Chloroquine 
and 3-methyladenine can also induce off-target or alternative 
target effects (besides autophagy inhibition) [61–63], which 
could have accounted for the reduced cell viability in our 
MTS assays. Thus, to rule out these potential effects we 
used siRNA targeting ATG7 to molecularly inhibit the 
autophagic machinery. ATG7 is a key protein involved in the 
maturation of the LC3 protein during the autophagosome 
elongation phase [32, 56]. We first checked the efficiency 
of ATG7 knockdown (Supplemental Figure S3C) and the 
effect of this on the conversion of LC3-I to LC3-II. As 
shown in Supplemental Figure S6, accumulation of the 
LC3-II form was reduced by 50% in siATG7-transfected 
Karpas-299 cells, both under basal and crizotinib-treated 
conditions, in comparison to cells transfected with scramble 
siRNA (siSCR). It is important to point out that under 
these conditions we found that ATG7 invalidation alone 
did not impair cell viability (Figure 3C) or cell growth 
on agar plates (Figure 4C). However, when combined 
with crizotinib treatment, it potently inhibited these two 
cell responses (Figures 3C and 4C). Similar results were 
observed with ALK-targeted siRNA combined with 
chloroquine (Figure 3D). Altogether, these results indicate 
that combined ALK and autophagy inhibition, even using 
diverse approaches, leads to a reduction in cell viability.
Figure 2: ALK inactivation increases autophagic flux in the Karpas-299 ALCL cell line. A-B. Effect of 3-methyladenine 
treatment or Beclin1 knockdown on the development of AVOs in crizotinib-treated cells. Karpas-299 cells were treated or not with 
crizotinib (500 nM, 24 h) (Crizo). 3-methyladenine (3MA) (10 mM) was added or not 4 h before AVOs quantification by acridine orange 
FACS staining (A). Karpas-299 cells, transfected with either scramble (siSCR) or Beclin-1-targeted siRNAs (siBECN1), were treated or 
not with crizotinib (500 nM, 24 h). AVOs quantification was performed by acridine orange FACS staining (B). Data are expressed as mean 
values ± SD quantified from at least three independent experiments. Statistical analysis was performed by one-way ANOVA followed by a 
Newman–Keuls multiple comparison test; **p ≤ 0.01; ***p ≤ 0.001. C-E. Autophagic flux was determined in Karpas-299 cells following 
treatment with crizotinib (500 nM, 24 h) (Crizo) in the presence or absence of chloroquine (CQ) (30 μM, 24 h) (C). Karpas-299 cells 
were transfected with either scramble (siSCR) or ALK-targeted siRNAs (siALK) for 72 h and with additional treatment or not of 30 μM 
chloroquine (CQ) for the last 24 h (D). The kinetics of crizotinib treatment (500 nM, 6 h, 24 h and 48 h) (Crizo) was observed in Karpas-299 
cells in the presence or absence of chloroquine (CQ) (30 μM, 24 h) (E). Total cell lysates were analyzed by western blotting using antibodies 
against LC3 and β-actin or GAPDH (as a loading control). Blots from three representative experiments are shown.
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Table 1: Viability (%) of Karpas-299 cells after a 48 h treatment with crizotinib and chloroquine 
alone or in combination
Crizotinib (nM)
0 125 250 500 1000 2000
Chloroquine 
(μM)
0 100 93,88 ± 5,66 80,27 ± 3,31 58,75 ± 9,64 46,07± 17,67 36,03 ± 21,11
7,5 100 ± 5,72 82,52 ± 7,05
15 96,97 ± 3,83 69,01± 13,08
30 79,35± 7,36 41,53 ± 5,36
60 68,56 ± 3,37 20,90 ± 2,96
120 15,13 ± 5,13
Karpas-299 cells were treated for 48 h with the indicated concentrations of crizotinib (nM) and chloroquine (μM), either alone 
or in combination. A constant ratio design was used for combination experiments. Viability was measured by MTS assay. 
Experiments were done at least in triplicate and were normalized to cells incubated without drug (100%). Data represent the 
mean values ± SD.
Figure 3: Effect of pharmacological or molecular inhibition of the ALK oncogene combined with inhibition of the 
autophagic process on Karpas-299 cell viability. A-B. Karpas-299 cells were treated with crizotinib (Crizo) (500 nM) with or 
without chloroquine (CQ) (30 μM) (A) or 3-methyladenine (3MA) (1.25 mM) (B) for 48 h, then cell viability was determined by MTS 
assay. C-D. Karpas-299 cells were transfected with either scramble (siSCR) or ATG7-targeted (siATG7) siRNAs (C) or with scramble 
(siSCR) or ALK-targeted (siALK) siRNAs (D) and treated or not with crizotinib (500 nM) (Crizo) (C) or chloroquine (30 μM) (CQ) (D). 
Cell viability was determined by MTS assay. The graph represents mean values ± SD from three to four independent experiments. Statistical 
analysis was performed by one-way ANOVA followed by the Newman–Keuls multiple comparison test; **p ≤ 0.01; ***p ≤ 0.001.
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Reduced clonogenic potential and increased 
apoptosis following combined ALK and 
autophagy inhibition
The synergistic effect of combined ALK and 
autophagy inhibition on reducing ALK-positive Karpas-299 
and SU-DHL-1 cell viability raised the question of whether 
this was due to a decrease in cell growth and/or an increase 
in cell death. To address this point, we first analyzed the 
ability of Karpas-299 cells to grow in soft agar following 
treatment with either crizotinib or chloroquine or both 
drugs in combination (Figures 4A and 4B). To confirm 
these results, the same experiments were also performed 
using siRNAs targeting ATG7 to directly impair autophagy 
(Figures 4C and 4D). We found that the ability of tumor 
cells to form clones and grow in soft agar was significantly 
reduced by crizotinib alone but decreased further following 
combined treatment. To address the question of cell death, 
we performed annexinV/7-AAD flow cytometry analysis. 
We found a clear induction of apoptosis upon crizotinib 
and chloroquine co-treatment when compared to untreated 
or single treatments, in both ALK-positive Karpas-299 and 
SU-DHL-1 cells (Figures Supplemental S7A-C and S7B-D, 
respectively, red quadrants). Of note, necrotic SU-DHL-1 
cells were also detected (Supplemental Figure S7B, dark 
quadrant). Altogether, these results indicate that the reduced 
viability, soft agar growth capacity, and survival of ALK-
positive Karpas-299 cells submitted to a combined ALK and 
autophagy inhibition strongly relies on the inactivation of a 
cytoprotective autophagy.
Chloroquine treatment potentiates the growth 
inhibitory effect of crizotinib on Karpas-299 
xenografted tumors
Having shown that autophagy inhibition enhances 
the anti-tumoral activity of crizotinib in ALCL cell 
lines in vitro, we next investigated the effect of the 
drug combination on the growth of Karpas-299 tumor 
grafts in vivo. As seen in Figure 5A, mice treated with 
a combination of crizotinib and chloroquine exhibited 
a significant decrease in tumor growth compared to 
untreated mice or mice treated with each drug alone. 
Overall these findings demonstrate that chloroquine 
treatment enhances the efficacy of crizotinib in vivo, 
and that the combined therapy, which was well-
tolerated in mice, efficiently reduces ALCL tumor 
growth. We next examined the effects of these drugs 
on tumor cell necrosis/apoptosis using hematoxylin/
eosin (HE) and anti-cleaved caspase 3 (CC3) staining 
in xenografted tumor tissues (Figures 5C and 5D). As 
shown in Figure 5C, HE staining reveals that tumor 
necrotic areas (arrows) were more extensive in tumors 
submitted to crizotinib and chloroquine co-treatment 
than in untreated (Ctrl) or individually-treated (Crizo 
or CQ) tumors, despite the fact that tumors submitted 
to a combined treatment were smaller than the 
untreated ones (Figures 5A and 5B). Similar findings 
were obtained for apoptosis using CC3 staining as an 
indicator of apoptosis (Figure 5C). Remarkably, a 
significant increase in CC3 staining was observed in 
the subcutaneous tumors harvested from animals that 
had been given the combined treatment compared to the 
individual treatments (Figure 5D). It should be noted 
that necrotic regions of the sections were excluded 
for the quantification of CC3. Altogether, these results 
suggest that the induction of necrosis/apoptosis could 
account for the anti-tumoral effects of the crizotinib and 
chloroquine co-treatment, which corroborates the in vitro 
findings shown in Supplemental Figure S7 and supports 
a cytoprotective role for autophagy upon crizotinib 
treatment (Figures 3 and 4). We conclude that crizotinib 
and chloroquine in combination is highly effective for 
impairing in vivo ALCL tumor growth.
Table 2: Viability (%) of Karpas-299 cells after a 48 h treatment with crizotinib and 3-methyladenine 
(3MA) alone or in combination
Crizotinib (nM)
0 125 250 500 1000 2000
3MA (mM)
0 100 83,65 ± 2,70 69,79 ± 3,38 52,48 ± 4,13 41,43 ± 3,87 37,5 ± 4,33
0,625 82,74 ± 3,17 62,42 ± 6,92
1,25 71,23 ± 1,63 44,09 ± 3,89
2,5 51,61 ± 0,38 15,81± 4,46
5 31,24 ± 1,20 8,15 ± 4
10 14,33± 3,82
Karpas-299 cells were treated for 48 h with the indicated concentrations of crizotinib (nM) and 3-methyladenine (mM), either 
alone or in combination. A constant ratio design was used for combination experiments. Viability was measured by MTS assay. 
Experiments were done at least in triplicate and were normalized to cells incubated without drug (100%). Data represent the 
mean values ± SD.
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DISCUSSION
In this study, we demonstrate that crizotinib induces 
autophagy in ALK-positive ALCL cell lines, a result that 
has never been reported before in this particular subset 
of lymphoma. Since autophagy inhibition (either by 
pharmacological inhibition or by an siATG7-mediated 
approach) potentiates the anti-tumoral activity of ALK 
inactivation (either by crizotinib treatment or by an siALK-
mediated approach), our results indicate that autophagy 
could act as a survival mechanism in therapeutically-
challenged ALK-positive ALCL cells. ALK has previously 
been linked with autophagy, in glioblastoma and in 
crizotinib-resistant NSCLC cell lines [64, 65], however 
in both of these studies the ALK tyrosine kinases (the 
full length ALK receptor in glioblastoma, and the EML4-
ALK fused oncoprotein in NSCLC) were not the direct 
target of the therapeutic treatment. In the glioblastoma 
cell lines autophagy was induced following cannabinoid 
therapy (acting on cannabinoid receptors), and in 
crizotinib-resistant NSCLC cells, high doses (1 to 8 μM) 
of crizotinib were used in cells harboring a loss of EML4-
ALK. Therefore, another target point of crizotinib in those 
resistant NSCLC cell lines might be considered. We thus 
believe this ALCL study to be the very first one to reveal 
the induction of autophagy upon both pharmacological 
and molecular NPM-ALK inactivation. Indeed, our 
in vitro results demonstrate that an autophagy response 
is mounted and activated shortly after either crizotinib 
treatment (at a plasmatic concentration equivalent to that 
found in patients being treated for ALK tumors [66, 67]) 
or after siRNA-mediated specific ALK inhibition in 
ALCL cells. We observed five complementary results 
that support an autophagic response following ALK 
inhibition: 1) increased AVOs; 2) increased number of 
autophagosomes as identified by electron microscopy; 
Figure 4: Effect of ALK oncogene inhibition combined with pharmacological or molecular inhibition of the autophagy 
machinery on Karpas-299 clonogenic survival. A-B. Karpas-299 cells were treated with crizotinib (Crizo) (500 nM) with or without 
chloroquine (CQ) (30 μM) for 16 h. Cells were then plated onto agar plates. Colonies were detected after 6 days upon addition of the MTT 
reagent and were scored by Image J quantification software. Representative pictures are shown (A). Results are expressed as the number 
of colony forming cells per field (B). The graph represents mean values ± SEM from four independent experiments. C-D. Karpas-299 cells 
were transfected with ATG7-targeted (siATG7) or scramble (siSCR) siRNAs then treated or not with crizotinib (Crizo) (500 nM) for 16 h. 
Cells were then plated onto agar plates. Colonies were detected after 6 days upon addition of the MTT reagent and were scored by Image J 
quantification software. Representative pictures are shown (C). Results are expressed as the number of colony forming cells per field (D). 
The graph represents mean values ± SEM from three independent experiments. Statistical analysis was performed by one-way ANOVA 
followed by the Newman–Keuls multiple comparison test; *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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3) increased LC3-II immunohistochemistry staining and 
relocation to autophagosomal membranes; 4) increased 
autophagy flux (with LC3-II accumulation observed via 
western blotting following ALK inactivation and 
chloroquine co-treatment); 5) increased expression of 
autophagy genes. To decipher whether this crizotinib-
induced autophagy affected cell death or cell survival 
functions, we performed several assays, testing cell 
viability, clonogenic survival, apoptosis and the ability of 
ALCL cells to form xenografted tumors in vivo. Together 
these assays demonstrated the cytoprotective action 
of autophagy following ALK inactivation in ALCL. 
Indeed, we found that: 1) upon combined ALK and 
autophagy pharmacological inhibition (using crizotinib 
and chloroquine or 3-methyladenine), these drugs had 
a synergistic (and not just an additive) effect on the 
reduction of cell viability; 2) the molecular inactivation 
of autophagy using siRNA directed against ATG7 did 
not induce, per se, a loss in cell viability, as was recently 
highlighted by D.A. Gewirtz [68]. It is noteworthy that a 
potentiating effect of autophagy and ALK co-inhibition 
was still observed following ATG7 downregulation; 
3) ALK inactivation combined with autophagy inhibition 
drove cells towards apoptotic/necrotic cell death; 
Figure 5: A combination of a low dose of crizotinib plus chloroquine inhibits Karpas-299 xenograft growth in NOD/SCID 
mice. A. Karpas-299 subcutaneous tumors (n = 8 for each condition) were allowed to grow and, when measurable (around 100 mm3), 
mice were matched for tumor volumes and randomly assigned to receive crizotinib (Crizo, 10 mg/kg), chloroquine (CQ, 60 mg/kg) or 
a combination of both drugs (Crizo+CQ). Tumor volumes are reported as mean ± S.E.M.. Statistical analysis was performed by two-
way ANOVA using the Bonferonni correction; **p < 0.01; ***p < 0.001; ###p < 0.001. B. Representative tumors resected from mice 
submitted to either vehicle (Ctrl) or 10 mg/kg crizotinib and 60 mg/kg chloroquine combined treatment (Crizo+CQ). C. Micrographs of 
hematoxylin/eosin (HE) staining (original magnification x 12.5) and anti-cleaved caspase 3 (CC3) immunohistochemistry staining (original 
magnification x 100). Photographs shown are representative of similar observations in three different control (Ctrl), crizotinib (Crizo), 
chloroquine (CQ) and crizotinib + chloroquine co-treated tumors (Crizo+CQ), harvested from NOD-SCID mice developing Karpas-299 
subcutaneous tumor xenografts. D. Active caspase 3 in tumor sections as indicated in (C). Quantifications were performed on scanned 
immune-stained slides (Pannoramic 250 Flash digital microscope) using a Pannoramic Viewer and HistoQuant software. Segmentation of 
the detected objects and the calculation of their number per mm2 were automatically performed. Statistical analyses were performed on 
individual raw data using one-way ANOVA followed by the Newman-Keuls multiple comparison test; *p < 0.05; ***p < 0.001. Values are 
expressed as mean ± S.E.M.
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4) combined crizotinib and chloroquine treatment 
strongly reduced ALK-positive Karpas-299 clonogenic 
survival, unequivocally proving that autophagy harbors 
cytoprotective functions [68], and impaired xenograft 
tumor growth.
Altogether, these results strongly suggest that a 
combination of ALK and autophagy inhibition could be 
beneficial for the treatment of ALK-dependent ALCL, 
a therapeutic combination that has never been considered 
before. ALK-positive ALCL patients are currently treated 
with aggressive chemotherapy (cyclophosphamide, 
hydroxydoxorubicin, oncovin and prednisone (CHOP)). 
The use of crizotinib for ALK-positive ALCL is currently 
under debate. A good response to crizotinib has been 
reported in a few adult patients with recurring ALK-positive 
ALCL, as well as in one phase I clinical trials [17, 69, 70]. 
Furthermore, a recent clinical study using crizotinib as a 
monotherapy was performed on eleven adult ALCL patients 
who were resistant/refractory to cytotoxic therapy [18]. Their 
results, showing that crizotinib exerted a potent antitumor 
activity with durable responses and a benign safety profile, 
encourage the future use of crizotinib as a front line therapy. 
However, ALK mutations conferring resistance to crizotinib 
have been identified in relapsed patients. Thus, in light of 
our new data we propose that crizotinib-induced autophagy, 
through its cytoprotective function, could allow some cells 
to escape the targeted therapy and survive in a dormant state, 
as proposed by White and DiPaola [36] and as demonstrated 
in models of ovarian carcinoma and gastrointestinal stromal 
tumors (GIST) [29, 71–73]. This dormant state may be 
used by tumor cells to develop and acquire resistance to 
crizotinib, allowing subsequent tumor recurrence. Thus, 
in line with previous studies on imatinib-treated CML or 
GIST, showing that autophagy inhibition may represent 
a new strategy to enhance sensitivity to tyrosine kinase 
inhibitors, our current work supports the concept that 
crizotinib resistance and subsequent ALCL tumor relapse 
might be prevented or diminished by blocking autophagy. 
Nevertheless, before considering autophagy inhibition in 
ALCL patient therapeutic protocols, further clinical and 
fundamental investigations are needed to demonstrate that 
cytoprotective autophagy does indeed occur in human 
tumors upon crizotinib treatment and to provide a better 
understanding of how crizotinib mechanistically triggers 
autophagy induction. A possible mechanism could be 
inhibition of the mTOR pathway, which is known to be a 
negative regulator of autophagy [74], and which is reported 
to be activated downstream of NPM-ALK [75, 76]. 
Further studies on hydroxychloroquine (or new improved 
autophagy inhibitors) are also essential to determine the 
dose, frequency and treatment duration that should be used 
in patients to achieve autophagy inhibition [52, 77, 78]. 
Finally, besides ALK-dependent ALCL, this study should 
motivate further investigation into the effects of modulating 
autophagy in other ALK-related malignancies that harbor 
either different ALK fusions or overexpressed/activated full 
length ALK oncogenes.
MATERIALS AND METHODS
Cell lines and cell culture conditions
Karpas-299 and SU-DHL-1 ALK-positive ALCL 
cell lines bearing the t(2;5)(p23;q35) translocation 
were obtained from DSMZ (German Collection of 
Microorganisms and Cell Culture, Braunschweig, 
Germany). The FEPD ALK-negative cell line was a gift 
from Dr. K. Pulford (Oxford University, Oxford, UK). 
Cells were cultured in Iscove’s Modified Dulbecco’s 
Medium (IMDM) supplemented with 20% Foetal Calf 
Serum (FCS), 2 mM L-glutamine, 1 mM sodium pyruvate, 
and 100 U/ml penicillin/streptomycin (all from Invitrogen 
(Carlsbad, CA, USA) at 37°C with 5% CO2 and were 
maintained in exponential growth phase. This medium is 
hereafter referred to as “complete IMDM”.
Chemicals
Crizotinib (Xalkori) was synthesized and purchased 
at @rtMolecule (Poitiers, France). Chloroquine (Aralen) 
(#C6628), 3-methyladenine (#M9281) and acridine 
orange (#318337) were purchased from Sigma-Aldrich 
(St. Louis, Missouri, USA). Stock solutions of crizotinib, 
chloroquine, acridine orange and 3-methyladenine were 
prepared in phosphate buffered saline (PBS).
Small interfering RNA (siRNA) transfections
SiRNA transfections were performed by 
electroporation using Gene Pulser Xcell Electroporation 
Systems (Biorad) (Hercules, CA, USA). Briefly 
5.106 cells were electroporated at 950 μF to 250 V in 
400 μl IMDM medium with 50 nM Beclin-1 siRNA, 
100 nM ATG7 siRNA or 100 nM ALK siRNA from a 
100 μmol/l stock solution or with the same quantity 
of a negative control siRNA (Eurogentec) (Seraing, 
Liège, Belgium). SiRNA sequences used were 
5′-CAGUUUGGCACAAUCAAUATT-3′ for Beclin-1, 
5′-GGAGUCACAGCUCUUCCUUTT-3′ for ATG7 and 
5′-GGGCGAGCUACUAUAGAAATT–3′ for ALK. 
Following shock, cells were rapidly resuspended in 
5 ml IMDM supplemented with 20% FCS. They were 
subsequently used for protein extraction, flow cytometry 
and viability/proliferation assays.
Detection of acidic vesicular organelles (AVOs) 
with acridine orange
AVOs were quantified by flow cytometry. ALK-
positive (Karpas-299 and SU-DHL-1) and negative 
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(FEPD) cells (105 cells), were treated or not for 24 h 
with crizotinib (500 nM and 400 nM, respectively), in 
the presence or absence of 10 mM 3-methyladenine 
(3MA) (added 4 h prior to harvesting the cells), or were 
transfected with scramble siRNA or Beclin-1 siRNA. They 
were then stained for 17 min with acridine orange (AO), at 
a final concentration of 1 μg/ml. Cells were washed twice 
in PBS, then resuspended in 0.3 ml PBS and analyzed on 
a FACSCalibur from Beckton Dickinson, (NJ, USA) using 
FlowJo software.
Electron microscopy
Karpas-299 cells, treated or not for 24 h with 
500 nM crizotinib, were collected, washed twice with 
PBS and fixed in 2% glutaraldehyde in 0.1 M Sorensen 
phosphate buffer (pH 7.4) for 4 h at 4°C. Cell pellets were 
then embedded in low melting point agarose to obtain solid 
blocks. These were washed overnight in 0.2 M phosphate 
buffer then post-fixed for 1 h at room temperature with 
1% osmium tetroxide in 250 mM saccharose and 0.05 M 
phosphate buffer. Samples were then dehydrated in a series 
of graded ethanol solutions, followed by propylene oxide, 
and embedded in an Epon resin (Embed 812, Electron 
Microscopy Sciences (Hatfield, PA, USA)). Ultrathin 
sections (70 nm) were prepared (Ultracut Reichert Jung 
(Vienna, Austria)) and observed with a transmission 
Hitachi HT7700 electron microscope (TKY, Japan) at an 
accelerating voltage of 80 kV.
Immunohistochemistry
Sections from formalin-fixed and paraffin-embedded 
xenografted tumors were stained with hematoxylin and 
eosin. Immunohistochemical analysis was performed 
using antibodies directed against LC3b (Nanotools 
(Teningen, Allemagne) #0231–100; mouse mAb; clone 
5F10; 1/100) and cleaved caspase 3 (R&D Systems 
(Minneapolis, MN, USA) #AF835; polyclonal rabbit 
Ab; 1/500). Karpas-299 cells, treated or not with 500 nM 
crizotinib for 24 h, were included in low melting agarose 
and then formalin-fixed and paraffin-embedded. Sections 
were immunostained with antibodies directed against 
LC3b (Nanotools) and nuclei were counterstained with 
hematoxylin. Antibody binding was detected with the 
streptavidin-biotin-peroxidase complex method (Vector 
Laboratories (Burlingame, CA, USA)). Pictures were 
taken using either a Leica DM4000B microscope (Wetzlar, 
Germany) or a Pannoramic 250 device (3DHISTECH) 
(Budapest, Hungary).
Autophagy RT-PCR array
Karpas-299 cells were treated or not for 24 h with 
500 nM crizotinib, then washed once with PBS and 
harvested. Frozen cell pellets were sent to SABiosciences 
(Hilden, Germany), where both the RNA extraction and 
the Human Autophagy RT2 Profiler PCR array were 
performed to study the expression profile of 84 key genes 
involved in autophagy. Amplification data (fold changes 
in Ct values of all the genes) were analyzed by the ΔΔCt 
method. Data were normalized to controls (PBS-treated 
cells), assigned as 1.
qPCR
Briefly, 1 μg total RNA was reverse transcribed in 
20 μl using the Superscript II reverse transcription kit 
(Invitrogen) and random hexamers (Roche), according 
to the manufacturer’s protocol. Reverse Transcription 
(RT) reactions were diluted 10 fold prior to qPCR. 
Amplification was performed in a total volume of 
10 μl containing 5 μl of a SYBR Premix Ex TaqTM 
(Tli RNaseH plus), Bulk master mix (Takara), 1 μl forward 
and reverse primers (final concentration of 300 nM each), 
and 2 μl diluted cDNA. The forward and reverse primers 
were, respectively: CCTCGCCAAGTCTCAGACGC/
CCCCACCGTTGCAGTACTCC for ULK1, GAGCGCCT 
CTTCTCCAGCAG/CAGCCTTTGCCGGTTCAGCC for 
WIPI1, AAGCAGCGCCGCACCTTCGA/CGCTGACC 
ATGCTGTGTCCG for MAP1LC3B, GGGAAGCCTT 
TGGCCTTGCC/CCACTTGGGCATTCCTGGGC for 
PIK3C3, and CAACGACCACTTTGTCAAGCT/CTCTCT 
TCCTCTTGTGCTCTTGC for GAPDH. Q-PCR 
cycling conditions were performed according to the 
manufacturer’s protocol, using the StepOnePlus real-time 
PCR system (Applied Biosystems). Results were analysed 
with the StepOne software.
Western blotting
Cells were lyzed in radioimmunoprecipitation 
assay (RIPA) buffer (20 mM Tris HCl pH 7.4, 
150 mM NaCl, 4 mM EDTA, 1% Triton X-100, 
and 0.2% SDS) supplemented with phosphatase 
inhibitors (1 mM Na3VO4, 1 mM NaF) and 1 mM 
phenylmethylsulfonylfluoride (PMSF), purchased 
from Sigma-Aldrich, and protease inhibitor cocktail 
(Roche Applied Science) (Penzberg, Upper Bavaria, 
Germany). Protein lysates were fractionated on SDS-
PAGE (10 or 15%), and transferred to a nitrocellulose 
membrane (Whatman) (GE Healthcare, Little 
Chalfont, England). Western-blotting was performed 
using LC3-B (Sigma-Aldrich #L7543), ATG7 (Cell 
Signaling Technology #2631), Beclin-1 (Cell Signaling 
Technology #3738), ALK (D5F3 XP, Cell Signaling 
Technology #3633), ULK1 (Cell Signaling Technology 
#4773), GAPDH (Millipore MAB374) and β-actin 
(Santa Cruz #7210) antibodies. Proteins were visualized 
using the Chemiluminescent Peroxidase Substrate-3 
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Kit (Sigma-Aldrich) or the ECL™ Prime Western 
Blotting Detection Reagent (Amersham Biosciences) 
(Buckingshire, UK).
Cell viability assay and multiple drug effect 
analysis
Karpas-299 and SU-DHL-1 cells were counted 
and seeded in 96-well plates (10,000 cells/well, in 100 μl 
IMDM/20% FBS). Cells were incubated at 37°C in the 
presence of either increasing concentrations of crizotinib 
(0 to 2000 nM) or were transfected by siRNA targeting ALK; 
and either chloroquine (0 to 120 μM), 3-methyladenine 
(0.625 to 10 mM) or siRNA targeting ATG7, alone or in 
combination. Combination experiments were carried out at 
constant ratios. After 48 h, cell viability was assessed using 
the CellTiter 96 AQueous One Solution cell proliferation 
assay (Promega) (Fitchburg, Wisconsin USA). Drug 
combination analyses were performed following the median-
effect method using the CompuSyn software (ComboSyn, 
Inc., Paramus, NJ, USA) [59]. Briefly, drug interactions 
were determined by calculating the Combination Index 
(CI). In this method, synergy is defined by a CI values < 1, 
an additive effect by CI = 1, and antagonism is defined by 
CI > 1. The results are shown on the Fa-CI plot where Fa 
represents the fraction affected by the drug tested.
Soft-agar colony formation assay
Karpas-299 cells were treated with 500 nM 
crizotinib and/or 30 μM chloroquine or were transfected 
with Atg7siRNA or scramble siRNA and allowed to 
recover for 8 h before treatment with 500 nM crizotinib. 
After 16 h, 20,000 Karpas-299 cells from each condition 
were resuspended in complete IMDM containing 0.33% 
agar onto the top of an agar underlay (complete IMDM 
containing 0.5% agar). Cells were fed twice a week 
with 400 μl complete IMDM containing the appropriate 
drug. After 7 days, viable cells were stained for 2 h with 
complete IMDM containing 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (0.5 mg/ml). 
Four different fields were then scored from each plate and 
colony numbers were counted using Image J quantification 
software (U.S. National Institutes of Health, Bethesda, 
MD, USA). Experiments were carried out in triplicate.
Apoptosis measurement
Analysis of apoptosis was done using annexin 
V (AnnexinV-PE) and 7-amino-actinomycin (7-AAD) 
(BD Bioscience #559763) staining according to 
standard protocols, followed by flow cytometry using a 
FACSCalibur cytometer from Beckton Dickinson. Results 
were analyzed using FlowJo software.
Murine xenograft model
Mice were housed under specific pathogen-free 
conditions in an animal room at a constant temperature 
(20–22°C), with a 12 h/12 h light/dark cycle and free 
access to food and water. All animal procedures were 
performed following the principle guidelines of 
INSERM, and our protocol was approved by the Midi-
Pyrénées Ethics Committee on Animal Experimentation. 
A total of 4.106 Karpas-299 cells were injected 
subcutaneously into both flanks of 6-week old female 
non-obese diabetic-severe combined immunodeficient 
(NOD-SCID) mice (Janvier Labs) (Laval, France). 
Mouse body weight and tumor volumes were measured 
three times a week (once a day at the end of the 
experiment) with calipers, using the formula “length × 
width2 × π/6”. Mice (4 per group) were treated 5 times per 
week (monday through friday) once the tumor volume 
reached 100 mm3. Mice received crizotinib (10 mg/kg) 
or H2O orally, and chloroquine (60 mg/kg) or PBS by 
intraperitoneal injection. At the end of the experiment, 
mice were humanely sacrificed. Subcutaneous tumors 
and adjacent inguinal lymph nodes were harvested and 
sections were fixed in 10% neutral buffered formalin for 
immunohistochemical analysis.
Active cleaved caspase 3-positive cell 
quantification
Immunohistochemical-stained slides were digitized 
using a Pannoramic 250 Flash digital microscope (P250 
Flash, 3DHISTECH). Whole slides were scanned 
using brightfield scan mode with a 20X/NA0.80 Zeiss 
Plan-Apochromat dry objective (Zeiss) (Oberkochen, 
Germany), and images were acquired with a two megapixel 
3CCD color camera (CIS Cam Ref #VCC-FC60FR19CL, 
CIS Americas Inc., Tokyo, Japan), achieving a 0.39 μm/
pixel resolution. Pannoramic Viewer and HistoQuant 
software were used for viewing and analyzing the 
digital slides, respectively (RTM 1.15.3, 3DHISTECH). 
A  minimum of 8 annotations per slide covering 50% of 
the entire tissue were analyzed using the same profile with 
the following characteristics: noise reduction (median filter 
strength = 0), object definition (HSV: 137 < Hue < 226, 
26 < Saturation < 189, 17 < Value < 41), no filtering by 
size and no object separation. These settings allowed the 
automatic segmentation of the detected objects and the 
measurement of the number of detected objects per mm2.
Statistical analyses
Results are presented as mean values ± standard 
deviations (SD) from at least 3 independent experiments 
unless otherwise indicated. Determination of statistical 
significance was performed using the Student’s t-test 
136
Oncotarget13www.impactjournals.com/oncotarget
for side by side comparison of two conditions. Welsch’s 
correction was applied when variances were significantly 
different. For the experiments comparing more than 
two conditions, determination of statistical significance 
was performed using one-way ANOVA followed by a 
Newman-Keuls multiple comparison test. Xenografted 
tumor growths were expressed as the mean ± S.E.M.. 
Statistical analyses were performed using the two-way 
analysis of variance (ANOVA) followed by the Bonferroni 
test using GraphPad Prism 5 software (GraphPad 
software) (La Jolla, CA, USA). For all tests, p-values less 
than 0.05 (*), 0.01 (**) or 0.001 (***) were considered 
statistically significant.
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RÉSUMÉ 
Au cours de mon doctorat (Toulouse, 1996-1999, INSERM U326, Dir : Dr B. Payrastre) et de 
mon premier stage post-doctoral (Bruxelles, 1999-2001, IRIBHM, Dir : Dr C. Erneux), j’ai acquis une 
expertise dans le domaine de la signalisation cellulaire, en particulier dans la régulation du 
métabolisme des phosphoinositides, dans deux modèles cellulaires hématopoïétiques (plaquette 
sanguine humaine et lignée de leucémie myéloïde chronique). Mes travaux dans ces deux 
laboratoires ont porté sur le rôle des enzymes SHIP1 et SHIP2, deux inositol 5-phosphatases, 
impliquées dans la dégradation du second messager lipidique PI(3,4,5)P3 en PI(3,4)P2. Mes travaux de 
thèse ont montré que SHIP1 et SHIP2 participaient activement à la signalisation plaquettaire induite 
par la thrombine en permettant une nouvelle voie de biosynthèse du PI(3,4)P2. Puis mes travaux de 
post-doctorat ont démontré les propriétés anti-tumorales de la protéine SHIP2 lors de sa 
surexpression dans la lignée cellulaire K562, du fait de sa capacité, commune avec le suppresseur de 
tumeur PTEN,  à hydrolyser le PI(3,4,5)P3.   
Mon intérêt croissant pour les mécanismes d’oncogenèse a alors motivé un second stage 
post-doctoral (Stanford, 2001-2004, CCSR, Dir : Dr D. Felsher) dans un laboratoire spécialisé dans 
l’étude des mécanismes d’ « addiction oncogénique », de par l’utilisation de différents modèles 
murins conditionnels de tumorigenèse. Mes travaux ont mis en évidence : (i) le rôle clé du 
microenvironnement tumoral, et notamment de l’angiogenèse, dans la survenue de rechutes 
tumorales après inactivation de l’oncogène MYC dans un modèle de lymphome dépendant de cet 
oncogène ; (ii) l’efficacité de la combinaison thérapeutique : inactivation de l’oncogène MYC et 
blocage de l’angiogenèse en terme de prévention de ces rechutes.  
À mon retour en France (Toulouse, 2004-2008, INSERM U563, Dir : Pr G. Delsol), j’ai mis à 
profit mon expérience américaine pour développer et caractériser des modèles cellulaires et murins 
conditionnels pour l’expression de l’oncogène ALK (pour Anaplastic Lymphoma Kinase), ceci afin de 
compléter la grande spécialisation de mon laboratoire d’accueil sur l’étude des lymphomes 
anaplasiques à grandes cellules (LAGC) ALK positifs.  
Depuis mon recrutement à l’INSERM, en 2008, en tant que CR1, j’ai utilisé ces modèles 
cellulaires et animaux pour démontrer (i) que ces lymphomes ALK-positif présentent une addiction 
pour l’oncogène ALK ; (ii) que l’angiogenèse, et notamment le VEGF (régulé en partie par le 
microARN 16), participe au développement tumoral et représente donc une cible thérapeutique 
potentielle; et enfin (iii), que l’inhibition de l’autophagie cytoprotectrice, activée sous traitement 
Crizotinib, améliorait l’efficacité des thérapies ciblant l’oncogène ALK. 
Les projets de recherche que je souhaite développer aujourd’hui s’articulent autour de deux 
mots-clefs : les lymphomes anaplasiques à grandes cellules ALK-positif et l’autophagie. Ils se 
subdivisent en trois grands axes de recherche : (i) le rôle, (ii) la régulation et (iii) la modulation 
thérapeutique de l’autophagie dans ces lymphomes ALK positif. Le premier axe consiste à définir le 
rôle cytoprotecteur ou cytotoxique de l’autophagie sous diverses thérapies ou combinaisons 
thérapeutiques actuellement proposées pour améliorer le traitement des patients;  le second vise à 
identifier les mécanismes de régulation post-transcriptionnelle de l’autophagie (notamment via les 
microARNs) ; et le troisième porte sur le développement d’une nouvelle formulation vaccinale anti-
ALK, à base d’autophagosomes, pour compléter les thérapies ciblant l’oncogène ALK, et prévenir, sur 
le long terme, l’apparition de rechutes tumorales.  
